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 Earth’s mantle is the most voluminous part of the planet and is inaccessible to direct 
investigations. It is only possible to study it through indirect methods, such as the chemical 
makeup of erupted lavas. The Hawaiian Islands are thought to be the product of the mantle 
plume hypothesis, sometimes called a hot spot. Material from the Earth’s mantle is brought to 
the surface and erupted as magnesium rich lavas and form basalts. Hawaii is the longest lived 
active hot spot on Earth and makes it an ideal candidate for understanding the evolution of the 
Earth’s mantle and how lavas cool and crystallize. To that end, the Hawaii Scientific Drilling 
Project (HSDP) drilled and recovered over 3 km of basalts from Mauna Kea Volcano, Hawaii, to 
understand the evolution of a mantle plume volcano.  
This project investigates the different geochemical end-members that contribute to the 
shield stage of Mauna Kea Volcano, Hawaii, by analyzing the major and trace element 
compositions, as well as the radiogenic isotope (Sr-Nd-Hf-Pb) ratios of a unique series of shield 
stage basalts from HSDP called the high-CaO basalts. Their trace element concentrations are like 
that of rejuvenated stage basalts and their radiogenic isotope ratios fall within the range of 
rejuvenated stage basalts. I connect the high-CaO basalts to rejuvenated stage basalts through 
radiogenic isotope data and trace element modeling. In chapter 2, I show that the geochemical 
makeup of high-CaO basalts can be produced by melting a rejuvenated stage source to higher 
degrees. This suggests the same mantle source that produced rejuvenated lavas could have 
produced the high-CaO basalts, and that a depleted mantle component is intrinsic to the 
Hawaiian mantle plume that builds the shield stage. 
 iv 
Kilauea Volcano on the island of Hawaii is the most active volcano on Earth and is 
currently erupting. It has been continuously sampled since its 1983 summit eruptions and allows 
us the rare opportunity to understand the real-time geochemical evolution of a volcano. Joint 
scientific ventures in the 2000s between the United States Geologic Survey and the Japan Marine 
Science and Technology Center, recovered by submersible submarine samples of Kilauea. 
Published age data show that some of the recovered submarine samples represent preshield 
ages, making Kilauea the only Hawaiian volcano that has both preshield and shield stage samples 
for study. In chapter 3, I show through new partial melting models that anomalous preshield 
Kilauea samples can be produced by low degree partial melts of a phlogopite-bearing source, and 
their sources have trace element patterns similar to that of high-CaO sources and could be the 
product of the same depleted end-member, meaning the depleted component universal in the 
mantle plume. 
The field of geochemistry has made leaps and bounds in the last two decades, particularly 
with the advent of multi-collector inductively coupled plasma mass spectrometers (MC-ICP-MS) 
that is capable of high precision stable isotope analysis. Magnesium is a major element and 
important geochemical parameter in monitoring the crystallization history of mafic lavas. Initial 
studies of magnesium isotopes showed no measurable variation in  d26Mg. In chapter 4, I focus 
on lavas from Mauna Kea Volcano that transition from the tholeiitic shield stage to the more 
evolved, alkalic post-shield stage to monitor the effect of enhanced fractional crystallization. I 
present new d26Mg data for shield and postshield Mauna Kea lavas, in combination with 
thermodynamic MELTS models that show crystallization of oxide mineral phases can have 
 v 
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Chapter 1: The Hawaiian Islands  
 
1.1. Introduction 
Located in the center of the Pacific Ocean and the Pacific plate, the Hawaiian Islands are 
comprised of a series of sub-parallel trending ocean islands. The volcanoes that make up Hawaii 
were first described in detail by Dana (1849, 1890). He described the volcanoes as age 
progressive, meaning the volcanoes are older the further away they are from the active eruptive 
centers at Kilauea and Mauna Loa, based on increased levels of observed erosion. Dana noted in 
his preface (1890) that ‘Even the lavas, although nothing but basalt, have afforded much that is 
new to science’. This statement continues to stand true today; research into the geochemical and 
petrologic evolution of Hawaiian volcanoes continues to be a very active area of interest. Since 
Dana, our understanding of Hawaii continues to evolve with advancing technology. 
 Hawaiian volcanoes continue to be critical into changing the way scientists view the 
internal structure of Earth. The first example of this might be when Wilson (1963) proposed that 
the volcanoes were not fed by a series of faults on the seafloor, but rather convection currents 
within the mantle, bringing hot material to the surface. McDougall (1964) supported the 
hypothesis of Dana (1890) with K-Ar age dating of different Hawaiian volcanoes and showed 
definitively that the volcanoes were progressively older as you moved west away from the active 
eruptions of Kilauea and Mauna Loa. The origin of the Hawaiian Islands was connected to the 
Emperor Seamounts, a series of seamounts eroded away by the ocean by Morgan (1972), tying 
the processes that produce modern Hawaiian volcanism to the inactive volcanoes. This is what is 
now called the mantle plume hypothesis.  
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Hawaiian volcanoes are one of the most studied ocean islands in the world. They are the 
product of deep mantle upwelling, as first proposed by Wilson (1963), called a mantle plume. 
The plume has been the source of eruptions for at least ~85 Ma (Duncan and Keller, 2004). A 
Hawaiian volcano goes through an eruptive life cycle, starting with initial eruptions on the 
seafloor, called the preshield stage, followed by the voluminous shield stage, continuously to the 
less active post-shield stage, and sometimes after a hiatus, a rejuvenated stage (Ozawa et al., 
2005). It is important to note that the starting point and ending point of each of these phases are 
somewhat arbitrary, and have changed over time (Clague and Sherrod, 2014).   
The preshield stage is short-lived (<150 kyr) and produces variable layers of alkalic and 
tholeiitic basalt (Calvert and Lanphere, 2006). Plate motion then pushes the new volcano over 
the hotter and more productive plume center, becoming more eruptive, called the shield stage, 
erupting primarily tholeiitic basalts and produces the majority (85-90%) of the volcano’s volume 
(Clague and Sherrod, 2014). As plate motion drags the volcano away from the center of the 
plume, magma supply drops off and eruptions begin to become infrequent or stop all together, 
but this hiatus is not long enough to be distinguished via radiometric age dating (Clague and 
Sherrod, 2014). This is the post-shield stage of the volcano, and it can erupt intercalated alkalic 
and tholeiitic basalts (e.g., Frey et al., 1990). Plate motion continues to move the volcano away 
from the plume and eruptions often halt altogether.  
However, 0.5-2 Ma after the end of the post-shield stage, some volcanoes become active 
again (Ozawa et al., 2005). This is called rejuvenated stage volcanism, and usually produces alkalic 
basalts. Together, this type of volcano building, produced in the middle of a tectonic plate, is 
called ocean island basalts (OIB). This dissertation aims to resolve the following questions about 
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the construction of Hawaiian volcanoes: is there a shared mantle source between the Hawaiian 
volcanic stages? If so, can it be traced through radiogenic isotope tracers and trace element 
evidence? Can a relatively new geochemical tool, Mg stable isotopes, help us understand 
crystallization processes of their erupted lavas? 
This dissertation is composed of three main chapters. Chapter 2 is already in publication 
(DeFelice et al., 2019) and is reproduced here. It addresses a small, but important, geochemical 
end-member observed in the shield stage of Mauna Kea Volcano. Chapter 3 is in the final stages 
of manuscript preparation, to be submitted after co-author agencies approvals. This chapter 
reviews the detailed history of Kilauea Volcano, currently in its shield stage. I review what is 
known about its construction and composition, re-evaluate previous data, and construct new 
partial melting models to explain enigmatic preshield glass grains. I connect this to the previous 
chapter and assess how geochemical heterogeneities may be distributed within the mantle 
plume. Chapter 4 focuses on a newer geochemical tool, stable magnesium isotopes. I focus on 
the evolution of Mauna Kea Volcano, and evaluate mechanisms that could cause the measured 
variations in magnesium isotopes. Additional geochemical work was planned for the summer of 
2020, to analyze a series of Hawaiian lavas for stable iron isotopes. This work was sidelined by 
the COVID-19 pandemic, but will be continued beyond this dissertation, making use of the new 
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Chapter 2: An Isotopically Depleted Component is Intrinsic to the Hawaiian Mantle Plume 
 
2.1. Copyright Disclaimer 
This chapter was published in whole in the journal Nature Geoscience (DeFelice et al., 
2019). The publisher, Springer Nature, acknowledges that the author of any publication in 
their journal retain the non-exclusive rights “To reproduce the contribution in whole or in 
part in any printed volume (book or thesis) of which they are the author(s)”. This information 
can be found on the Springer Nature’s website ‘Reprints & Permissions’, found here: 
https://www.nature.com/nature-research/reprints-and-permissions/permissions-requests. 
As first author on the publication DeFelice et al. (2019), below is a reproduction of that 
contribution, in whole, as the first chapter of the dissertation. As first author, I was solely 
responsible for data collection, data interpretation, writing, and editing. The citation style has 
been edited from the original contribution (Springer Nature) to conform with the editorial 
style used in this dissertation.  
 
2.2. Abstract 
 Most ocean island basalts sample an isotopically depleted mantle component, but the 
origin of this component is unclear. It may come from either the entrained upper mantle or from 
a reservoir intrinsic to the plume, sourced from the lower mantle. For Hawaii, the isotopically 
depleted component is primarily sampled during the secondary rejuvenated stage volcanism, 
0.5–2 million years after the initial shield-stage volcanism. However, it is also inferred in shield 
and post-shield lavas. We analyze the radiogenic isotopic and trace element compositions of a 
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suite of Mauna Kea shield stage tholeiites and found that they have the same isotopic 
compositions as rejuvenated stage lavas. I use trace element models to show that these shield-
stage basalts can be explained as higher degree partial melts of a rejuvenated stage source. Our 
data, therefore, show that the depleted rejuvenated stage component was directly sampled 
during shield stage volcanism. The common source for both shield stage and secondary 
rejuvenated volcanism implies that the depleted rejuvenated component is intrinsic to the 
Hawaiian mantle plume. It is further inferred that the mantle region from which the Hawaiian 
plume originates, probably in the lower mantle, is also isotopically depleted, similar but not 
identical to the upper mantle. 
 
2.3. Introduction 
The compositions of ocean island basalts (OIB) and mid-ocean ridge basalts (MORB) reflect 
the compositional evolution of the Earth’s interior. MORB tend to have lower 87Sr/86Sr and higher 
143Nd/144Nd and 176Hf/177Hf in comparison to OIB.  MORB sample the upper mantle which is 
‘depleted’ (Hofmann, 1988) in highly incompatible trace elements. OIB, such as those from 
Hawaii, Iceland, Samoa, Galapagos and Kerguelen, have higher 87Sr/86Sr and lower 143Nd/144Nd 
and 176Hf/177Hf, which are described as isotopically ‘enriched’. Pb isotope ratios 
(206,207,208Pb/204Pb) are more complicated; while many OIB overlap with MORB values, OIB range 
to more radiogenic Pb isotopes. Some OIB are produced by mantle plumes from the lower mantle 
(Kurz et al., 2004; DePaolo et al., 1976; Stracke, 2012; Chen and Frey, 1985) and give us a rare 
opportunity to investigate the composition of the lower mantle and the long-term geochemical 
differentiation of the Earth. While the majority of OIB have enriched isotopic and elemental 
7 
 
characteristics relative to MORB, many hotspot lavas contain a distinct depleted component with 
low 87Sr/86Sr and high 143Nd/144Nd and 176Hf/177Hf, e.g., Hawaii (Keller et al., 2000; Lassiter et al., 
2000; Regelous et al., 2003; Yang et al., 2003; Frey et al., 2005; Bizimis et al., 2013; Dixon et al., 
2008; Mukhopadhyay et al., 2003), Iceland (Chauvel and Hémond, 2000; Fitton et al., 1997; Fitton 
et al., 2003), Kerguelen (Storey et al., 1988; Frey et al., 2015), Samoa (Jackson et al.,2014; Konter 
et al., 2012), and Galapagos (Blichert-Toft and White, 2001; Saal et al., 2007; Peterson et al., 
2014). 
 
2.4. Depleted Components in OIB 
The origin of the depleted components in hotspots globally is contentious, but critical for 
understanding the long-term evolution of the Earth’s mantle. There are three main hypotheses: 
(1) the depleted source component is intrinsic to the plume (Yang et al., 2003; Frey et al., 2005; 
Bizimis et al., 2013; Dixon et al., 2008; Mukhopadhyay et al., 2003) (2) entrained upper mantle 
(Keller et al., 2000; Lassiter et al., 2000; Regelous et al., 2003), or (3) metasomatized lithospheric 
mantle (Pilet et al., 2008; Sorbadere et al., 2013). These hypotheses can be distinguished by their 
Nd and Hf isotope ratios because depleted plume components are expected to have distinct Nd-
Hf isotopic signatures from upper mantle sampled by MORB (Salters et al., 2011). At Galapagos 
and Iceland, all three models have been suggested (Chauvel and Hémond, 2000; Fitton et al., 
1997; Fitton et al., 2003; Blichert-Toft and White, 2001; Saal et al., 2007; Peterson et al, 2014; 
Buchs et al., 2016; Hanan et al., 2000), where the depleted components have been attributed to 
either local lithospheric and upper mantle contributions or an intrinsic plume component. At 
Ninetyeast ridge (Kerguelen) the depleted component is isotopically and chemically distinct from 
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the Indian MORB, and probably intrinsic to the plume (Frey et al., 2015), while at Samoa, the 
depleted component is thought to be entrained depleted mantle (DM, Konter et al., 2012; 
Workman et al., 2004). Understanding the depleted end-members of hotspots is critical to 
understanding the long-term evolution of the Earth’s mantle.  
  The origin of isotopically depleted rejuvenated lavas is still under debate. At Hawaii, 
depleted lavas commonly erupt during rejuvenated stage volcanism, 0.5-2 Ma after the end of 
isotopically enriched shield-stage volcanism (Chen and Frey, 1983; Moore and Clague, 10992; 
Ozawa et al., 2005). Rejuvenated-stage volcanism occurs on the islands of Kaula, Kauai, Niihau, 
Oahu, Molokai and Maui (figure 2.1). Lavas erupted off-axis of the plume, called the North and 
South Arch Volcanic Field, are also grouped with rejuvenated stage lavas because they have 
similar radiogenic isotope ratios and trace element abundances. The cause of these eruptions is 
likely flexural arching of the lithosphere caused by the building of Hawaiian volcanoes (Ribe and 
Christensen, 1999; Bianco et al., 2005). The mantle source of Hawaiian rejuvenated stage lavas 
may be the Pacific MORB source (Keller et al., 2000), local lithospheric mantle (Lassiter et al., 
2000), and also an isotopically depleted intrinsic plume component (Regelous et al., 2003; Yang 
et al., 2003; Frey et al., 2005; Mukhopadhyay et al., 2003; Garcia et al., 2010, Garcia et al.,2012; 
Phillips et al., 2016; Fekiacova et al., 2007).  
The isotopically depleted rejuvenated stage components have also been inferred in lavas 
from the preshield stage of Loihi (Mukhopadhyay et al., 2003), the shield-stage of Kauai 
(Mukhopadhyay et al., 2003; Garcia et al., 2010), and the post-shield stage of Hualaiai (Hanano 
et al., 2010) and Mahukona (Hanano et al., 2010; Garcia et al., 2012). However, in these cases, it 
is debatable whether the depleted component sampled by these shield lavas is depleted mantle 
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or a depleted plume component. For example, some Kauai shield lavas form a positive 206Pb/204Pb 
vs. 87Sr/86Sr trend, which points to the rejuvenated stage lava field or MORB field (figure 8 of 
Mukhopadhyay et al., 2003). However, Kauai shield lavas still have isotope ratios within the 
shield-stage range. Lavas from Hana Volcanics of Haleakala have isotopic signatures similar to 
rejuvenated-stage lavas. However, it is debatable whether Hana volcanics belongs to post-shield 
stage volcanism or rejuvenated stage volcanism (Sherrod et al., 2003). Nevertheless, post-shield 
and preshield volcanism sample the edge of the plume; consequently, it is difficult to 
unambiguously assess whether the depleted components sampled by above mentioned lavas are 
intrinsic to the Hawaiian plume.  
The Emperor Seamounts, which were also created by the Hawaiian plume, contain an 
isotopically depleted component, similar to that sampled by Hawaiian rejuvenated-stage lavas 
(Regelous et al., 2003; Frey et al., 2005). Owing to the proximity of the plume to a spreading 
center when they formed, the Emperor Seamounts may sample the depleted upper mantle 
(Keller et al., 2000), although others argue that the depleted source component is intrinsic to the 
plume (Regelous et al., 2003; Frey et al., 2003). However, plume-ridge interaction cannot explain 
isotopically depleted Hawaiian rejuvenated-stage lavas in the middle of the Pacific plate, far 
removed from any spreading center (Huang et al., 2005). Hence, the location and nature of the 
depleted reservoir sampled by Hawaiian volcanism remains debated, and critical to 
understanding the nature of the Hawaiian plume. 
 
2.5. Depleted Isotopic Signature in Mauna Kea High-CaO Lavas 
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In this study, we focus on lavas from 1760-1810 mbsl (meters below sea level) from the 
Hawaii Scientific Drilling Project (HSDP) that have elevated CaO (wt%) at a given MgO (wt%), 
which are referred to as high-CaO basalts (Stolper et al., 2004; Herzberg, 2006; Rhodes et al., 
2012; Huang et al., 2016) and are tholeiitic shield-stage lavas from Mauna Kea. HSDP recovered 
3.5 km of lavas from Mauna Kea volcano in Hilo, Hawaii, which represent ~500 ka of volcanic 
growth (Sharp and Renne, 2005). A reference sample suite from the drill core (Rhodes and 
Vollinger, 2004) was investigated, which shows considerable variation in source composition and 
petrogenetic processes (figure 2.2). But for the high-CaO basalts, major and trace elements data 
exist only for seven glasses (Stolper et al., 2004) and 24 whole rocks (Rhodes et al., 2012), and 
they are an important end-member for understanding the composition of the Hawaiian plume. 
Herzberg (2006), for example, argued that the high-CaO basalts are the only true melts of 
peridotite, and that most other Hawaiian basalts are the result of pyroxenite melting. Compared 
to other Mauna Kea shield tholeiites, the HSDP high-CaO basalts are enriched in the most and 
least incompatible elements, and their mantle source may be a mixed lithology of pyroxenite and 
peridotite (Huang and Humayun, 2016).  
Here we report major and trace element concentrations (table 2.1) and Sr, Nd, Hf and Pb 
isotope ratios (table 2.2) for 24 whole-rock high-CaO basalts, which were previously analyzed for 
their major and some trace element concentrations by X-ray fluorescence (XRF) (Rhodes et al., 
2012) (see figure A1 in appendix A). The high-CaO basalts have the most unradiogenic Pb and Sr 
isotopes and the most radiogenic Hf and Nd isotope ratios among Hawaiian shield-stage lavas 
(figure 2.3). The high-CaO lavas have higher eHf at a given eNd than modern Pacific MORB and the 
estimated 100 Ma metasomatized Pacific lithosphere (field in figure 2.3c, see appendix A for 
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details), suggesting that neither the local lithospheric mantle nor the Pacific mantle contribute to 
the high-CaO lavas (figure 2.3c).  
  These high-CaO lavas have the same Sr, Nd, Hf, and Pb isotope compositions as the 
Hawaiian rejuvenated-stage alkalic lavas (figure 2.3) showing that the depleted rejuvenated-
stage component is also present during the Hawaiian shield-stage volcanism, in agreement with 
previous studies that have detected it in the preshield-stage of Loihi (Mukhopadhyay et al., 2003), 
the shield-stage of Kauai (Mukhopadhyay et al., 2003; Garcia et al., 2010), and the post-shield 
stage of Hualaiai (Hanano et al., 2010), Mahukona (Hanano et al., 2010; Garcia et al., 2012) and 
Haleakala (Phillips et al., 2016). Our high-precision Pb isotope data for high-CaO lavas fall on the 
same 206Pb/204Pb vs. 208Pb/204Pb trends as those defined by lavas and high pressure pyroxenite 
cumulates associated with the rejuvenated stage Honolulu Volcanics on Oahu (Yang et al., 2003; 
Bizimis et al., 2013) (figure 2.4). This conclusion agrees with previous observations of 
heterogeneity within the depleted component (Bizimis et al., 2013; Dixon et al., 2008; Salters and 
Stracke, 2004), and reinforces the isotopic connection between the rejuvenated stage 
component and Mauna Kea shield-stage high-CaO basalts. 
 
2.6. Trace Element Evidence 
With the isotopic similarity between high-CaO lavas and Hawaiian rejuvenated stage lavas 
but their difference in major and trace element compositions, I hypothesize that HSDP tholeiitic 
high-CaO basalts represent high degree partial melts of a depleted rejuvenated mantle source. 
That is, the rejuvenated stage source component(s) was sampled by smaller degrees of partial 
melting during Hawaiian rejuvenated stage volcanism (producing alkalic basalts) than the HSDP 
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high-CaO lavas (tholeiitic basalts). To test this hypothesis, I use both non-modal fractional and 
batch melting models of depleted rejuvenated stage sources to reproduce their trace element 
patterns. Three groups of well-studied rejuvenated stage lavas were used: Honolulu Volcanics 
(Yang et al., 2003) from Oahu, Kiekie basalts (Dixon et al., 2008) from Niihau, and lavas from the 
North Arch Volcanic Field (Yang et al., 2003). A filter that excluded samples with MgO <6.5 wt.% 
was applied to avoid samples that crystallized more than just olivine. Data for samples with MgO 
>6.5 wt.% were then corrected to be in equilibrium with Fo90 to remove olivine 
fractionation/accumulation effect. The source compositions were calculated assuming 
rejuvenated stage lavas are the products of low degrees of partial melting (Yang et al., 2003; Chen 
and Frey 1983) (0.5-4.0%). The calculated source compositions are then melted to a higher 
degree (Regelous et al., 2003) (6.0-9.5%) to see if they could reproduce the trace element 
patterns of the high-CaO basalts. The results of this model are shown in figure 2.5, and additional 
modeling details can be found in appendix A. Our results show that the trace element patterns 
of the high-CaO basalts are consistent with those of high degree partial melts of a rejuvenated 
stage source. Our calculated depleted rejuvenated stage source compositions are similar to those 
of a carbonatite-metasomatized source of Dixon et al. (2008), who reconstructed the depleted 
rejuvenated-stage source compositions by metasomatizing a depleted peridotite with small 
amounts of incipient silicate or carbonatite melts (Phipps Morgan, 2001) from the Hawaiian 
plume (figure 2.5d), a model first proposed by Chen and Frey (1983) and also adopted here. Here, 
I find that the same depleted component melted during the shield-stage of volcanism. 
  Depleted mantle (Brunelli et al., 2018) was also considered as a possible source but we 
could not reproduce the trace element patterns of the high-CaO basalts by melting the DM. 
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Specifically, partial melts of DM are too depleted in incompatible elements compared to high-
CaO lavas (see figure A2 in appendix A). Compared to modern Pacific MORB, the high-CaO lavas 
have higher eHf for a given eNd (figure 2.3c), consistent with the inference that DM is not the 
source of the high-CaO lavas.  
 
2.7. The Depleted Intrinsic Plume Component 
I therefore conclude that the high-CaO basalts are high degree partial melts of a 
rejuvenated source that is intrinsic to the Hawaiian plume, consistent with plume models of 
previous studies (Regelous et al., 2003; Yang et al., 2003; Frey et al., 2005; Bizimis et al., 2013; 
Dixon et al., 2008; Mukhopadhyay et al., 2003; Ribe and Christensen, 1999; Bianco et al., 2005; 
Jones et al., 2017). The Hawaiian mantle plume thus consists of enriched shield stage 
components embedded as ‘plums’ inside a refractory matrix that is the source of depleted 
rejuvenated-stage lavas. During shield stage volcanism, the enriched low solidi shield stage 
components start to melt first, and the refractory depleted component provides heat to enhance 
the melting of the enriched components (Bryce et al., 2005; Farnetani et al., 2012; DePaolo et al., 
2001). Hence, partial melting of the refractory depleted component is limited and overwhelmed 
by partial melting of the enriched components during shield stage volcanism.  
Hawaiian rejuvenated stage volcanism and arch volcanism are thought to be produced by 
flexural arc decompression melting (Ribe and Christensen, 1999; Bianco et al., 2005). Because of 
volcanic loading, the Pacific plate is bent so that a flexural uplift of up to 100 m occurs at a 
distance of 200-400 km from the volcanic loading center. This flexural uplift can produce small 
degree partial melting of the depleted component spread out beneath the lithosphere during 
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shield-stage volcanism, which produce onshore rejuvenated-stage volcanism and offshore arch 
volcanism (Ribe and Christensen, 1999; Bianco et al., 2005). The enriched plume components 
have been consumed during shield stage volcanism, allowing the refractory depleted component 
to melt and produce isotopically depleted, highly alkalic lavas (Frey et al., 2015; Ribe and 
Christensen, 1999; Bianco et al., 2005; Jones et al., 2017) during rejuvenated stage and arch 
volcanism.  
In the case of Mauna Kea high-CaO basalts at Mauna Kea, it is possible that the portion of 
the plume that contributed to high-CaO lavas did not contain a significant amount of enriched 
shield components. That is, the mantle source of high-CaO basalts is dominated by the depleted 
rejuvenated stage component. Because of the higher temperature during shield stage volcanism, 
this refractory depleted component melted to a large degree and generated tholeiitic lavas with 
rejuvenated stage isotopic signatures. In this case, we get a rare glimpse of the true isotopic 
composition and nature of the depleted component intrinsic to the Hawaiian plume.   
The duration of high-CaO lavas is ~2,400 years according to the age-depth model of Huang 
et al. (2013). Using a plume upwelling rate of ~30 cm/year (DePaolo et al., 2001), the estimated 
size of geochemical heterogeneity is ~720 m. That is, the Hawaiian plume is heterogeneous at 
the sub-kilometer scale. For comparison, the radius of the magma capture zone at Hawaii is 
estimated at 25-30 km (Abouchami et al., 2000; Huang et al., 2011). Apparently, the compositions 
of erupted lavas reflect the sum of different plume components sampled by the melting events, 
and the short-scale source heterogeneity has been homogenized to some degree during melting 
process (Huang et al., 2011; Abouchami et al., 2005). The observed Loa-Kea geochemical 
difference (Garcia et al., 2015; Weis et al., 2011; Huang and Frey, 2003) between the two 
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Hawaiian volcanic trends thus must reflect the fact that their plume sources are more different 




Table 2.1 – Major and trace element concentrations of Mauna Kea high-CaO basalts from the HSDP2 drill core. Oxides reported in wt% 
































Sample Depth (mbsl) Al2O3 CaO Fe2O3 T K2O MgO Na2O P2O5 TiO2 MnO 
R684-9.0-9.2 1766.7 9.34 9.43 12.99 0.54 18.19 1.43 0.20 1.88 0.20 
R685-5.5-6.1 1768.9 10.13 10.24 12.43 0.37 14.97 1.63 0.20 1.96 0.19 
R686-3.9-4.1 1771.2 10.00 8.78 12.15 0.50 14.56 1.44 0.23 1.93 0.19 
R686-4.5-4.7 1771.3 9.43 9.72 12.95 0.29 18.01 1.49 0.20 1.83 0.19 
R686-4.9-5.1 1771.4 10.09 10.34 12.55 0.29 15.07 1.60 0.21 1.99 0.19 
R686-7.7-7.9 1772.3 9.53 9.82 12.53 0.33 16.51 1.53 0.20 1.86 0.19 
R686-9.5-9.7 1772.8 9.98 10.31 12.86 0.33 17.18 1.60 0.21 1.95 0.19 
R687-8.5-8.8 1775.3 11.03 11.17 12.50 0.41 13.78 1.83 0.22 2.08 0.19 
R688-0.0-0.4 1775.7 9.31 9.22 12.68 0.37 18.33 1.52 0.19 1.76 0.19 
R689-1.2-1.4 1779.1 9.31 8.98 12.79 0.46 18.05 1.54 0.18 1.79 0.19 
R689-4.6-4.8 1780.1 10.16 10.23 12.81 0.40 16.23 1.66 0.20 1.96 0.19 
R696-1.0-1.6 1794.7 8.17 6.76 12.80 0.45 20.54 1.17 0.16 1.64 0.19 
R696-2.1-2.3 1795.4 9.02 8.75 12.79 0.44 18.17 1.50 0.18 1.74 0.19 
R696-6.5-6.7 1796.7 7.92 7.26 13.05 0.49 21.38 1.17 0.16 1.64 0.19 
R696-9.4-9.6 1797.6 9.56 9.73 12.53 0.27 16.42 1.45 0.18 1.86 0.19 
R698-1.4-1.6 1801.2 9.76 9.56 12.59 0.27 16.99 1.52 0.19 1.84 0.19 
R698-2.6-2.7 1801.6 9.08 9.46 12.77 0.30 19.26 1.46 0.18 1.75 0.17 
R698-8.3-8.5 1803.3 8.70 8.21 12.74 0.40 18.73 1.37 0.16 1.67 0.18 
R698-9.1-9.3 1803.6 9.41 8.10 11.08 0.34 13.85 1.14 0.18 1.81 0.15 
R699-3.7-4.0 1805.1 9.85 9.87 12.68 0.23 16.78 1.53 0.18 1.82 0.19 
R699-5.4-5.6 1805.6 10.33 9.76 13.84 0.45 19.41 1.66 0.19 1.92 0.18 
R699-8.4-8.6 1806.5 8.97 8.36 12.54 0.31 18.40 1.39 0.16 1.65 0.18 
R700-2.9-3.1 1808.1 12.38 12.14 12.42 0.44 8.73 2.10 0.24 2.44 0.19 
R700-3.6-3.8 1808.3 10.28 9.40 13.11 0.39 17.19 1.57 0.18 1.87 0.19 
Average  9.66 9.40 12.67 0.38 16.95 1.51 0.19 1.86 0.19 




Table 2.1  continued. 
 
Sample Ni Sc V Zn Rb Sr Y Zr Nb 
R684-9.0-9.2 802.37 28.53 311.66 89.35 10.61 315.64 17.93 128.59 15.47 
R685-5.5-6.1 610.34 29.23 317.80 87.48 5.99 356.16 19.48 132.92 16.03 
R686-3.9-4.1 553.78 28.91 299.33 82.61 9.23 327.19 19.16 131.22 15.50 
R686-4.5-4.7 820.48 27.90 309.07 92.01 2.25 333.71 18.35 124.21 14.97 
R686-4.9-5.1 617.96 29.84 324.41 90.04 3.09 362.61 19.85 134.19 16.18 
R686-7.7-7.9 735.04 28.42 306.49 88.69 5.13 336.75 18.55 125.06 15.41 
R686-9.5-9.7 741.76 29.91 325.32 90.99 4.23 349.61 19.44 130.71 15.77 
R687-8.5-8.8 541.33 30.76 336.29 89.44 6.61 376.32 20.83 140.07 17.04 
R688-0.0-0.4 821.37 27.04 281.40 88.47 5.25 321.42 17.42 116.93 14.13 
R689-1.2-1.4 818.84 27.47 286.23 89.04 8.23 328.48 17.79 120.52 14.67 
R689-4.6-4.8 688.44 30.12 314.29 91.09 5.23 352.18 19.53 131.59 16.18 
R696-1.0-1.6 918.53 25.67 243.45 98.07 8.54 257.62 16.23 109.92 12.99 
R696-2.1-2.3 844.44 27.06 277.80 89.57 8.21 308.83 17.49 117.54 14.08 
R696-6.5-6.7 952.57 25.68 257.21 89.94 9.31 250.40 16.26 108.95 12.97 
R696-9.4-9.6 700.18 28.65 300.18 90.50 3.52 333.21 18.95 126.95 15.02 
R698-1.4-1.6 749.71 28.19 295.28 89.56 3.10 328.61 19.03 124.56 14.53 
R698-2.6-2.7 875.64 26.81 288.44 339.08 4.27 313.14 17.43 118.00 14.26 
R698-8.3-8.5 849.30 26.19 261.23 89.19 7.19 290.44 17.25 112.62 13.15 
R698-9.1-9.3 497.42 26.85 270.39 78.78 5.67 260.51 18.33 119.51 14.17 
R699-3.7-4.0 734.44 28.71 291.53 91.21 2.91 318.09 19.30 121.10 13.83 
R699-5.4-5.6 864.27 29.56 305.57 109.43 7.65 316.26 20.37 127.07 14.42 
R699-8.4-8.6 825.68 25.74 258.86 90.03 4.62 289.05 17.80 106.23 11.63 
R700-2.9-3.1 211.73 31.51 365.62 96.10 8.11 418.98 25.46 162.56 18.86 
R700-3.6-3.8 749.66 28.88 283.08 94.33 6.46 305.00 20.15 120.94 13.13 
Average 730.22 28.23 296.29 101.04 6.06 322.93 18.85 124.66 14.77 
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Table 2.1 continued. 
Sample Ba La Ce Pr Nd Sm Eu Gd Tb 
R684-9.0-9.2 170.31 13.37 32.25 4.46 19.42 4.58 1.46 4.29 0.64 
R685-5.5-6.1 144.25 13.55 32.80 4.50 20.07 4.83 1.58 4.59 0.69 
R686-3.9-4.1 160.64 13.18 32.08 4.46 19.56 4.70 1.54 4.49 0.68 
R686-4.5-4.7 142.99 12.63 30.43 4.17 18.52 4.42 1.45 4.24 0.64 
R686-4.9-5.1 143.63 13.76 33.31 4.62 20.23 4.88 1.59 4.67 0.71 
R686-7.7-7.9 130.18 12.79 31.25 4.31 19.05 4.55 1.49 4.37 0.66 
R686-9.5-9.7 147.97 13.37 32.46 4.49 19.56 4.72 1.53 4.54 0.68 
R687-8.5-8.8 160.29 14.30 34.73 4.82 21.13 5.08 1.66 4.89 0.73 
R688-0.0-0.4 138.10 11.92 28.85 4.01 17.59 4.26 1.38 4.08 0.61 
R689-1.2-1.4 149.41 12.38 29.75 4.13 18.24 4.35 1.43 4.20 0.64 
R689-4.6-4.8 152.93 13.38 32.38 4.44 19.77 4.73 1.54 4.52 0.69 
R696-1.0-1.6 146.07 10.89 26.44 3.68 16.28 3.90 1.28 3.78 0.57 
R696-2.1-2.3 141.78 11.87 28.87 3.98 17.59 4.22 1.39 4.08 0.62 
R696-6.5-6.7 138.21 10.82 25.91 3.65 16.17 3.90 1.27 3.75 0.57 
R696-9.4-9.6 120.76 12.67 30.75 4.26 18.79 4.50 1.49 4.41 0.66 
R698-1.4-1.6 123.09 12.15 29.55 4.11 18.37 4.51 1.47 4.39 0.67 
R698-2.6-2.7 119.79 11.66 27.68 3.86 17.20 4.10 1.39 4.03 0.62 
R698-8.3-8.5 144.18 10.92 26.41 3.69 16.53 4.07 1.32 3.98 0.61 
R698-9.1-9.3 160.21 11.56 27.58 3.97 17.70 4.35 1.46 4.23 0.67 
R699-3.7-4.0 118.99 11.41 27.96 3.95 17.70 4.39 1.46 4.38 0.67 
R699-5.4-5.6 160.69 12.22 29.04 4.13 18.71 4.70 1.57 4.68 0.74 
R699-8.4-8.6 113.96 9.72 23.73 3.41 15.39 3.98 1.33 3.94 0.61 
R700-2.9-3.1 163.93 15.49 37.55 5.30 23.57 5.81 1.91 5.72 0.87 
R700-3.6-3.8 132.46 10.86 26.77 3.84 17.33 4.43 1.47 4.42 0.69 





Table 2.1 continued. 
Sample Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
R684-9.0-9.2 3.39 0.65 1.61 0.22 1.26 0.18 3.21 1.18 1.33 1.09 0.33 
R685-5.5-6.1 3.75 0.71 1.78 0.24 1.39 0.19 3.36 1.31 1.36 1.17 0.41 
R686-3.9-4.1 3.69 0.68 1.74 0.24 1.38 0.19 3.32 1.15 1.36 1.14 0.35 
R686-4.5-4.7 3.50 0.66 1.65 0.23 1.29 0.18 3.11 1.19 1.27 1.09 0.38 
R686-4.9-5.1 3.81 0.72 1.77 0.24 1.41 0.20 3.41 1.34 1.38 1.20 0.40 
R686-7.7-7.9 3.59 0.67 1.68 0.23 1.33 0.18 3.21 1.76 1.28 1.12 0.36 
R686-9.5-9.7 3.67 0.69 1.72 0.24 1.34 0.19 3.29 1.32 1.33 1.14 0.37 
R687-8.5-8.8 3.96 0.74 1.88 0.26 1.47 0.21 3.54 1.37 1.44 1.24 0.43 
R688-0.0-0.4 3.34 0.63 1.56 0.21 1.22 0.17 2.99 1.24 1.19 1.03 0.34 
R689-1.2-1.4 3.45 0.65 1.60 0.22 1.27 0.18 3.06 1.41 1.26 1.05 0.32 
R689-4.6-4.8 3.70 0.69 1.73 0.24 1.36 0.19 3.29 1.84 1.37 1.13 0.38 
R696-1.0-1.6 3.09 0.59 1.46 0.20 1.16 0.16 2.74 0.94 1.18 0.94 0.29 
R696-2.1-2.3 3.38 0.63 1.59 0.22 1.26 0.17 2.98 1.17 1.19 1.03 0.32 
R696-6.5-6.7 3.07 0.57 1.45 0.20 1.15 0.16 2.71 1.03 1.06 0.94 0.28 
R696-9.4-9.6 3.58 0.67 1.68 0.23 1.34 0.19 3.20 1.17 1.27 1.10 0.40 
R698-1.4-1.6 3.67 0.68 1.71 0.24 1.35 0.19 3.14 1.14 1.20 1.06 0.36 
R698-2.6-2.7 3.39 0.62 1.53 0.22 1.22 0.17 2.94 1.26 1.12 0.99 0.36 
R698-8.3-8.5 3.34 0.62 1.55 0.22 1.23 0.17 2.84 0.98 1.09 0.97 0.29 
R698-9.1-9.3 3.58 0.67 1.68 0.23 1.35 0.19 3.08 1.04 1.18 1.06 0.34 
R699-3.7-4.0 3.68 0.69 1.73 0.24 1.38 0.19 3.09 1.17 1.12 1.00 0.34 
R699-5.4-5.6 4.04 0.75 1.90 0.27 1.50 0.22 3.29 1.17 1.13 1.06 0.37 
R699-8.4-8.6 3.39 0.64 1.61 0.23 1.30 0.18 2.75 0.92 0.92 0.85 0.27 
R700-2.9-3.1 4.82 0.89 2.22 0.31 1.76 0.25 4.01 1.48 1.53 1.30 0.45 
R700-3.6-3.8 3.76 0.72 1.80 0.25 1.44 0.21 3.08 1.08 1.05 0.96 0.29 





Table 2.2 – Radiogenic isotope ratios of Sr, Nd, Hf, and Pb for the Mauna Kea’s high-CaO basalts. 2SE = 2 standard error. 
 
Sample 87Sr/86Sr 2SE 143Nd/144Nd 2SE 176Hf/177Hf 2SE 206Pb/204Pb 2SE 207Pb/204Pb 2SE 208Pb/204Pb 2SE 
R684-9.0-9.2 0.7030410 9.10E-06 0.513117 1.90E-05 0.2832600 7.40E-06 18.0268 7.99E-04 15.4206 6.58E-04 37.5980 1.72E-03 
R685-5.5-6.1 0.703155 9.10E-06 0.513061 8.80E-06 0.283227 5.60E-06 18.1173 8.66E-04 15.4325 7.08E-04 37.7072 1.76E-03 
R686-3.9-4.1 0.703143 9.10E-06 0.513076 1.30E-05 0.283223 7.10E-06 18.1181 7.37E-04 15.4323 5.82E-04 37.7073 1.60E-03 
R686-4.5-4.7 0.703151 9.10E-06 0.51307 7.50E-06 0.283224 6.30E-06 18.1081 2.75E-03 15.4398 2.33E-03 37.7267 2.33E-03 
R686-4.9-5.1 0.703157 9.10E-06 0.513068 8.20E-06 0.283215 6.40E-06 18.1191 1.03E-03 15.4328 8.75E-04 37.7099 2.29E-03 
R686-7.7-7.9 0.703158 9.10E-06 0.513076 8.80E-06 0.283224 5.30E-06 18.1170 1.06E-03 15.4374 8.32E-04 37.7218 2.30E-03 
R686-9.5-9.7 0.703147 9.10E-06 0.513079 8.80E-06 0.283225 7.20E-06 18.1224 8.60E-04 15.4339 7.08E-04 37.7149 1.82E-03 
R687-8.5-8.8 0.70315 9.10E-06 0.513058 8.90E-06 0.283232 6.00E-06 18.1268 6.51E-04 15.4342 6.08E-04 37.7191 1.63E-03 
R688-0.0-0.4 0.703149 9.10E-06 0.513066 9.30E-06 0.283223 6.10E-06 18.0717 6.96E-04 15.4684 5.73E-04 37.7877 1.50E-03 
R689-1.2-1.4 0.70316 9.10E-06 0.513072 6.10E-06 0.283211 7.20E-06 18.1316 8.65E-04 15.4345 7.15E-04 37.7241 1.92E-03 
R689-4.6-4.8 0.703144 9.10E-06 0.513069 7.90E-06 0.283215 2.20E-06 18.1302 8.30E-04 15.4337 6.86E-04 37.7210 1.77E-03 
R696-1.0-1.6 0.703175 9.10E-06 0.51301 4.80E-05 0.283201 2.30E-06 18.1052 7.75E-04 15.4718 6.72E-04 37.8205 1.74E-03 
R696-2.1-2.3 0.703168 9.10E-06 0.513048 1.10E-05 0.283204 1.90E-06 18.1602 9.38E-04 15.4378 7.78E-04 37.7551 2.08E-03 
R696-6.5-6.7 0.70316 9.10E-06 0.513063 1.50E-05 0.283211 2.00E-06 18.1577 8.32E-04 15.4413 7.11E-04 37.7638 1.89E-03 
R696-9.4-9.6 0.703177 9.10E-06 0.513069 9.50E-06 0.283205 2.10E-06 18.1549 1.04E-03 15.4438 8.45E-04 37.7704 2.23E-03 
R698-1.4-1.6 0.703198 9.10E-06 0.513048 1.10E-05 0.283203 2.60E-06 18.1610 8.41E-04 15.4678 6.67E-04 37.8475 1.90E-03 
R698-2.6-2.7 0.703178 9.10E-06 0.513045 1.20E-05 0.283207 2.10E-06 18.1758 7.01E-04 15.4424 5.88E-04 37.7783 1.59E-03 
R698-8.3-8.5 0.703198 9.10E-06 0.51305 1.10E-05 0.283206 2.70E-06 18.2134 7.16E-04 15.4437 5.91E-04 37.8131 1.55E-03 
R698-9.1-9.3 0.703214 9.10E-06 0.513056 1.20E-05 0.283201 2.30E-06 18.2183 8.26E-04 15.4446 7.33E-04 37.8186 1.95E-03 
R699-3.7-4.0 0.70324 9.10E-06 0.513026 1.00E-05 0.283193 2.20E-06 18.2593 7.48E-04 15.4485 6.11E-04 37.8616 1.70E-03 
R699-5.4-5.6 0.703248 7.30E-06 0.513032 4.80E-06 0.283194 5.10E-06 18.2716 4.61E-04 15.4504 4.39E-04 37.8747 1.23E-03 
R699-8.4-8.6 0.70327 8.40E-06 0.513032 5.30E-06 0.283177 5.60E-06 18.3272 5.05E-04 15.4559 4.62E-04 37.9340 1.26E-03 
R700-2.9-3.1 0.703245 7.70E-06 0.513046 6.20E-06 0.283194 4.90E-06 18.2601 3.04E-04 15.4492 2.75E-04 37.8631 8.05E-04 






Figure 2.1 – Map of the Hawaiian Islands and the Hawaiian Arch. Inset, age and duration of 
rejuvenated stage volcanism (black bars) and shield stage volcanism (grey bars) at each 
respective island, data are from Ozawa et al., 2005. The dashed line is the approximate trace of 







Figure 2.2 – Depth profile of samples from HSDP versus A) alkalinity index, B) La/Yb, C), 87Sr/86Sr, and D) 208Pb*/206Pb*. Rejuvenated 
lavas are typically highly alkalic and occur to the right of the dashed line where alkalinity=0 in a, whereas high-CaO basalts from the 
HSDP are tholeiitic basalts, left of the 0 line. Error bars represent two standard error of measurements. 208Pb*/206Pb*=( 





Figure 2.3 – Radiogenic isotope data of Mauna Kea high-CaO basalts relative to shield stage 
basalts of both Hawaiian Kea and Loa-Trend volcanoes, rejuvenated stage basalts and Pacific 
MORBs.  A) 208Pb/204Pb vs. 206Pb/204Pb, B) eNd vs. 87Sr/86Sr, C) eNd vs. eHf  and D) 87Sr/86Sr vs. 
208Pb/204Pb. The thick line in A is the dividing line between Kea- and Loa-trend shield basalts 
(Abouchami et al., 2000). The diagonal black line in C is the terrestrial array (Vervoort et al., 2011) 
calculated 100-million-year-old lithosphere after MORB generation. See appendix A for details. 
Error bars represent the two-standard error of measurements. Literature data sources are given 
in appendix A.  
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Figure 2.4 – High-precision Pb isotope data for Hawaiian rejuvenated stage lavas. The data are 
from the rejuvenated stage basalts from Oahu (Honolulu Volcanics, Fekiacova et al., 2007), Kaula 
(Bizimis et al., 2013), and Koloa Volcanics on Kauai (Garica et al.,2010, 2015). High-pressure 
pyroxenite culmulates are from Salt Lake Crater (SLC), which is associated with the Honolulu 
Volcanics at Oahu (Yang et al., 2003; Bizimis et al., 2013) and Kaula (Bizimis et al., 2013). Honolulu 
Volcanics defines a slope of y=0.7625x + 23.885 that three high-CaO basalts fall on (line 1). High-
CaO basalts also fall on line 3 defined by the SLC pyroxenties (y=1.0338x + 18.983). Koloa 
Volcanics define a slope (y=1.2427x + 15.251) that some Kaula pyroxenites and Kaula basalts fall 
on (line 2). Inset, Koloa Volcanics with more radiogenic Pb isotope ratios. Error bars are the two-




Figure 2.5 – Trace element patterns and models. A) Primitive mantle-normalized trace element 
patterns for the HSDP reference suite (data references are in appendix A), high-CaO basalts (this 
study) and high-CaO glasses (Rhodes et al., 2012) corrected to Fo90 by adding or subtracting 
olivine. B) Rejuvenated stage lavas from Honolulu Volcanics, North Arch Volcanic Field and Kiekie 
basalts, corrected to Fo90, by adding or subtracting olivine, used for the partial melting model. C) 
Results of the partial melting model relative to the high-CaO basalts enveloped by the two black 
lines. D) Calculated source compositions in this study (same key as in C) compared to those of 
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Chapter 3: Geochemical Compositions of Lavas from Kilauea Volcano, Hawaii 
 
3.1. Abstract 
Kilauea Volcano, Hawaii, is the most active volcano on the planet and likely the result of 
the Hawaiian mantle plume. The plume is geochemically asymmetrical, as evidenced by the 
different geochemical characteristics of lavas from two sub-parallel trends, Kea-trend and Loa-
trend. Kilauea is a shield stage Kea-trend volcano. It is the second youngest Hawaiian volcano 
behind the preshield Loa-trend Loihi Seamount. Information about the short-lived preshield 
stage at Hawaii is limited to rare Kilauea glasses and dredges from Loihi Seamount. Here, I focus 
on the geochemical changes that Kilauea Volcano has undergone from its preshield to modern 
day shield stage eruptions. The mantle end-members that contribute to Kilauea’s shield stage are 
in line with that of other Kea-trend volcanoes and form a highly variable array that reflects 
heterogeneity in its source. A unique group of preshield glass grains, identified by their high S 
contents, are unique amongst preshield samples. New partial melting models show that minor 
contributions of phlogopite, up to 3.3% in the source, may be responsible for some of this 
signature. Available high-precision Pb isotope data, along with calculated primary magma 
compositions show a depleted component as a likely source for Kilauea preshield nephelinites 
and high S glasses, suggesting a shared depleted component between the preshield, shield and 
rejuvenated stages of Hawaiian volcanoes. This implies a widely distributed depleted component 
present in the Hawaiian plume. In addition to source heterogeneity, geochemical variations in 
some Kilauea magmas may reflect contamination prior to eruption in submarine environments 




         The shields of recent, 0 to 3 Ma, Hawaiian volcanoes define two sub-parallel spatial trends, 
described as the Loa-trend and Kea-trend (Fig. 3.1). Compared to the geochemical characteristics 
of lavas erupted at Kea-trend volcanoes, the lavas erupted at Loa-trend volcanoes are more 
diverse in radiogenic isotope ratios of Sr, Nd, Hf and Pb (e.g., Huang et al., 2005; 2009; 2011; 
Tanaka et al., 2008; Ren et al., 2009; Weis et al., 2011; Jackson et al., 2012; Harpp and Weis, 
2020). The Loa component is a small part of the mantle source of Loa shield lavas, but it is 
responsible for most of their trace element geochemical heterogeneity. The origin of the Loa 
component has been discussed in detail (e.g., Frey and Rhodes, 1993; Huang and Frey, 2005; 
Tanaka et al., 2008; Ren et al., 2009; Huang et al., 2011; Weis et al., 2011; Pietruszka et al., 2013; 
Harpp and Weis, 2020). Most recently Frey et al. (2016) concluded that the extreme Loa 
component consists of three geochemically distinct materials: (1) an ancient gabbroic 
adcumulate with abundant cumulus plagioclase that transformed to eclogite, yet retains its 
distinctive geochemical signature of its protolith; (2) a material that differs from most depleted 
rocks by having higher 176Hf/177Hf at low 143Nd/144Nd, such as ancient pelagic sediments or 
ancient depleted lithosphere; and (3) a material, such as ancient carbonates, that has relatively 
high 87Sr/86Sr and low initial Rb/Sr that cannot explain the measured 87Sr/86Sr by radiogenic 
ingrowth over 4.5 Ga.  
         In contrast, the Kea component has been inferred to be relatively simple (e.g., Stille et al., 
1986; Lassiter and Hauri, 1998; Eisele et al., 2003; Hanyu et al., 2010; Weis et al., 2011; Harpp 
and Weis, 2020). In this chapter, I focus on Kilauea, a well-studied Kea-trend volcano (Fig. 3.1) 
that has exposures of both subaerial and submarine shield lavas. It is the only Kea-trend volcano 
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with identified exposures of preshield lavas (Sisson et al., 2002; 2009). Kilauea is one of the few 
active volcanoes that we can sample, study, and evaluate its real-time geochemical evolution. To 
understand the processes and sources that contribute to early submarine volcanism, I evaluate 
the geochemical characteristics of the preshield and shield lavas. The rocks forming the shield 
stage are tholeiitic basalts that show small, but significant geochemical changes correlated with 
eruption age eruption age (figure 3.2, Marske et al., 2008; Pietruszka et al., 2013; 2018; 2019). 
Our objective is to assess the geochemical variations of Kilauea lavas as it emerged from a 
submarine to subaerial volcano and evaluate the geochemical structure of the Hawaiian mantle 
plume. 
 
3.3. Strategy  
In order to use trace element ratios to infer the mantle sources and the processes that 
created the magmas that form the Hawaiian shields, it is necessary to have accurate and precise 
data. In appendix B, I summarize recent data for USGS basalt standard BHVO-1 and -2 that were 
collected from Kilauea Volcano (Wilson, 1997), along with standards BCR-1 and JB-1, commonly 
used as standards when measuring basalts. Abundances of Sr, Zr, Nb, La and Yb, are usually not 
sensitive to post magmatic processes such as partial melting or crystallization (e.g., Frey et al., 
2016). The standards reported in all datasets used in the study are corrected to a chosen value 
for each standard (appendix table B1) to eliminate inter-laboratory variations. The same 
approach is taken for radiogenic isotopes (appendix table B2). The Kilauea trace element data 
sets used in this review are from: Chen et al., (1996), Ren et al., (2009), Kimura et al., (2006), 
Hanyu et al., (2010), Sisson et al., (2002) ,Sisson et al., (2009), Lipman et al., (2006), Peitruszka 
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and Garcia, (1999), Wright, (1971), Wright and Fisk, (1971), Marske et al., (2007), Peitruszka et 
al., (2013), Marske et al., (2008), Blichert-Toft and Albarède, (1999), Tanaka et al., (2005), Greene 
et al., (2013), Garcia et al., (2000), Garcia et al., (1996) and radiogenic isotopes ratios from: 
Pietruszka et al., (2001), (2006), (2013), (2015), (2018), Abouchami et al., (2005), Stille et al., 
(1986), Tatsumoto, (1978). Specifically, rare earth elements (REEs) in Chen et al. (1996) were 
determined using instrumental neutron activation analysis (INAA)  a technique that does not yield 
as high-quality data as ICP-MS (inductively coupled plasma mass spectrometers, e.g., Frey et al., 
2016), and are not included in this review. Trace element data from Greene et al. (2013) are also 
not included, because they contain many typos (see Appendix B), but isotope data from Greene 
et al., 2013 are used. 
 
3.4. Background  
Kilauea is an active volcano in the shield stage of growth. Because of their accessibility, 
young Kilauea lava flows have been thoroughly sampled. Repetitive sampling of the long-lived 
eruption that began in 1983 with the Pu’u ‘O’o eruption on the east rift zone (Helz, 1987) and has 
continued with recent eruptions in Halemaumau Crater and most recently the 2018 explosive 
flows down rift of Pu’u ‘O’o (e.g., Oppenheimer et al., 2018; Neal et al., 2019). These eruptions 
provide samples that show geochemical changes in magma compositions erupted during a single 
prolonged volcanic event (e.g., Pietruszka and Garcia, 1999; Greene et al., 2013; Pietruszka et al., 
2015; 2018).  
An older and longer time interval is represented by lava flows subaerially exposed at 
Uwekahuna Bluff, a 135 m section of lavas erupted from ~900 to 1400 AD (Marske et al., 2007, 
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2008; Pietruszka et al., 2013). The oldest samples of the subaerially erupted shield lavas are 
exposed in the highly faulted Hilina section on the south flank of the Kilauea’s shield (Easton and 
Garcia, 1980; Chen et al., 1996).  
Supported by the Japan Marine Science and Technology Center, volcanic rocks erupted in 
a submarine environment were collected by submersible from the south flank of the Kilauea 
(Lipman et al., 2000; 2006). The recovered submarine rocks range widely in composition from 
tholeiitic basalt to basanite and nephelinite, and they are inferred to be preshield lavas (Sisson 
et al., 2002; 2009). Their classification as preshield stage lavas is consistent with their eruption 
ages of 212 ka and 280 ka, which are consistent with the more precise 40Ar/39Ar ages for 
phlogopite in nephelinite clasts (Calvert and Lanphere, 2006). Previously, sampling of the 
preshield stage at Hawaiian volcanoes had been limited to Loihi Seamount, a Loa-trend volcano 
(Fig.  3.1). These submarine lavas from the south flank of Kilauea provide the opportunity to study 
preshield volcanism at a Kea-trend volcano. Relative stratigraphic relationships, along with 
relative ages are shown in figure 3.2, which highlights variations in its source (Fig. 3.2a and b, 
Zr/Nb and 208Pb*/206Pb*) and igneous process (degree of partial melting of a plagioclase rich 
source, Fig. 3.2c, La/Nb). 
 
3.5. Shield Lavas: Trace Element Ratios 
Before reliable inferences about mantle sources and processes can be made, it is 
necessary to understand the effects of post-melting processes, such as segregation of liquidus 
phases from a cooling magma. In Hawaiian shield lavas with greater than 7 wt% MgO, olivine is 
the only liquidus phase; hence we focus on elements that are not compatible in olivine, whose 
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ratios are not affected by olivine fractionation. As Hawaiian shield magmas crystallize, at <7 wt% 
MgO plagioclase and clinopyroxene become liquidus phases. Their roles during crystal 
fractionation can be assessed using Sr and Sc, because Sr is more compatible in plagioclase than 
Nd (Fig. 3.3a; e.g., Bindeman and Davis, 1998; Blundy and Woods, 2003; Bedard 2006; Frey et al., 
2016) and Sc has a clinopyroxene/melt partition coefficient >1 (Fig.3.3b; e.g., Hart and Dunn, 
1993; Blundy et al., 1998; Pertermann et al., 2004). A role for fractionation of clinopyroxene is 
indicated by the marked decrease in Sc and CaO/Al2O3 accompanying decreasing MgO (Fig. 3.3b 
and c). Kilauea lavas have a marked decrease in Sr/Nd and CaO/Al2O3 at ~ 7 wt% MgO, and a 
decrease in Sc at < 5 wt% MgO. This shows that Kilauea lavas are primarily controlled by 
fractionation dominantly of plagioclase (MgO < 7 wt%), with clinopyroxene growing in abundance 
at MgO < 5 wt%, whereas olivine crystallization/fractionation controls the trends at higher MgO 
content. 
Ratios of incompatible elements in tholeiitic basalts that form Hawaiian shields are 
sensitive to igneous processes such as degree of partial melting and crystallization. Niobium is 
highly incompatible in phases common in basalts and when used in ratios and can distinguish 
source characteristics if paired with a similarly incompatible element (e.g., Nb/La). When used 
with elements that are less incompatible, such as Zr (Fig. 3.4a) and Sr (Fig. 3.4b), it can be 
indicative of melting or crystallization processes based on their differing partition behavior. 
Elevated Zr/Nb can be indicative of melting of peridotite, while high Sr/Nb indicates a role of a 
plagioclase adcumulate that transformed to eclogite under mantle P-T condition (Frey et al., 
2016). Relative to Loa shield lavas, Kea shield lavas are at the low Zr/Nb and low Sr/Nb end of 
these trends (e.g., Frey et al., 2016; Fig. 3.4a). In shield lavas, Zr/Nb correlates positively with 
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Sr/Nb and negatively with La/Nb (Fig. 3.4a and c). These ratios of incompatible elements in 
tholeiitic basalts that form Hawaiian shields reflect differences in their source compositions and 
processes, such as mixing of magmas derived by variable extents of melting of a common source 
(Frey et al, 2016). Because the elements in these ratios differ in compatibility, variations in these 
ratios (factors of 4, 5 and 5 for Zr/Nb, Sr/Nb, and La/Nb, respectively) can be explained by variable 
extents of melting of a garnet peridotite source or a spinel peridotite source (see section 3.9 for 
details).   
It has been noted that incompatible element ratios involving Nb typically correlate with 
radiogenic isotope ratios in Hawaiian shield lavas (e.g., Rhodes et al., 2012; Frey et al., 2016). For 
example, at Hawaii, intershield heterogeneity in Zr/Nb correlates negatively with 206Pb/204Pb, and 
Kilauea lavas define similar trends as indicated by the intershield heterogeneity (Fig. 3.5a). In 
detail, Uwekahuna bluffs lavas with relatively high Zr/Nb and low 206Pb/204Pb trend toward Loa 
compositions (Marske et al., 2007). Kilauea shield lavas define highly variable Zr/Nb and 
206Pb/204Pb values, indicating that the source for shield lavas is heterogeneous, and spans nearly 
the entirety of compositions for Kea-trend lavas. 
Because plagioclase has DLa greater than DNb (e.g., Bédard, 2006), the surprising 
variability of La/Nb (Fig. 3.5b) in Hawaiian shield basalts was inferred to reflect a protolith that 
was plagioclase-rich component in the Loa end-member (Frey et al., 2016). Intershield variations 
in La/Nb and 206Pb/204Pb are correlated; however, within a given shield, La/Nb does not clearly 
correlate with 206Pb/204Pb (Frey et al., 2016; Fig. 3.5b). Specifically, Kilauea lavas do not define a 
narrow La/Nb vs. 206Pb/204Pb trend, with five Puna ridge samples (Ren et al., 2009) extending to 
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higher La/Nb at a given 206Pb/204Pb trend (Fig. 3.5b). In a Zr/Nb vs. 206Pb/204Pb diagram, they plot 
within the subaerial Kilauea trend. 
In summary, although there is considerable intrashield scatter in incompatible element 
ratios, such as Zr/Nb and La/Yb (Figs. 3.4a and 3.4c), the averages for each shield leave no doubt 
that these ratios differ in Loa- and Kea-trend shield volcanoes (see Figs 7 and 8 in Frey et al., 
2016). These observed variations between Loa- and Kea- trend volcanoes result from source 
differences between the two trends (Frey et al., 2016). Some ratios vary with extent of melting 
of spinel or garnet peridotite (see Section 3.9), and some are also correlated with 206Pb/204Pb (Fig. 
3.5; Ren et al., 2004; Frey et al., 2016). The radiogenic isotope ratios reflect the mantle source 
heterogeneity, and the incompatible element ratios reflect both the source composition and 
processes that created the magmas that form the Hawaiian shields, i.e., partial melting. 
 
3.6. Preshield Lavas: Trace Element Abundance Ratios 
Submarine alkalic lavas that belong to Kilauea preshield stage have been recovered from 
the Hilina beach region and its frontal scarp, offshore of Kilauea (Sisson et al., 2002; Kimura et 
al., 2006; Lipman et al., 2006; Hanyu et al., 2010). Data from Sisson et al., 2002 and Lipman et al., 
2006 define a positive Sr/Nb vs. Zr/Nb trend that is slightly offset from Kilauea shield lavas, 
whereas values from Kimura et al., 2006 and Hanyu et al., 2010 fall off the trend (Fig. 3.6a and 
3.6b). Do these geochemical changes from preshield lavas (Fig. 3.6a and 3.6b) indicate variations 
in source composition or interlaboratory differences? To evaluate the validity of these 
geochemical differences between Kilauea preshield (Sisson et al., 2002; Kimura et al., 2006; 
Lipman et al., 2006; Hanyu et al., 2010) and shield lavas, I chose six submarine rocks analyzed by 
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Hanyu et al., (2010) and Lipman et al., (2006) that did not plot within the field defined by Kilauea 
shield lavas. These six rocks were reanalyzed by XRF (X-ray fluorescence) at the University of 
Massachusetts (table 3.1), and these new concentrations and ratios for these six samples plot 
closer to the field for Kilauea shield basalts, with three samples that previously fell off the shield 
stage trend, plotting within the field for Kilauea shield lavas (Fig. 3.6c). I conclude that there is no 
compelling evidence for different Zr/Nb vs. Sr/Nb trend in Kilauea preshield and shield lavas, and 
that source compositions for Hilina preshield lavas are like that of Kilauea shield lavas.        
However, a group of Kilauea preshield basanite-nephelinite glasses are different from 
Kilauea shield and most preshield lavas in a Sr/Nb vs. Zr/Nb plot (Fig. 3.7a). Glass grains (0.1 – 0.5 
mm) in sandstones collected on the south flank of Kilauea are dominantly subaerial erupted low-
S tholeiites but include a subordinate population of high-S glasses encompassing alkali basalts, 
hawaiites (Sisson et al., 2002), and notably, basanites through nephelinites (Sisson et al., 2009). 
Based on sulfur content, Sisson et al., 2009 divided these glasses into five groups, ranging from < 
200 to 3000 ppm sulfur. The most abundant glasses have low (<200 ppm) sulfur contents and 
were degassed during subaerial eruptions at Kilauea or Mauna Loa volcano. In Fig. 3.7a, the 
volatile-rich glasses define a trend that is nearly perpendicular to that of the whole rocks and 
point to a horizontal trend formed by rejuvenated stage lavas erupted at Niihau Volcano (Fig. 3.1) 
called the Kiekie Volcanics (Dixon et al., 2008). 
The Kiekie lavas were explained by Dixon et al., 2008 as 4 wt% to 13 wt% partial melts of 
a depleted peridotite that was recently metasomatized by up to 0.2 wt% carbonatite. 
Carbonatites erupted in continental settings and on oceanic islands have distinctive geochemical 
characteristics. Commonly, they differ from basalts in abundance ratios of incompatible elements 
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especially resulting from relative enrichments in Sr and Ba, and relative depletions in Ti, Zr and 
Nb in carbonatites. These anomalies can be caused by fractionation of accessory minerals 
enriched in specific incompatible elements such as Ti, Zr and Nb in titanite and perovskite (Nelson 
et al., 1988; Hoernle et al., 2002). For other elements, such as Ba, low degrees of melting may 
create anomalies resulting from metasomatic fluids that precipitated minerals with unusually 
high Ba/Th, such as phlogopite (e.g., LaTourrette et al., 1995; Schmidt et al., 1999) (Fig. 3.7b). 
Relative to mid-ocean ridge basalt, Hawaiian basalts erupted in all stages have anomalously high 
Ba/Th (Hoffman and Jochum, 1996; Huang and Frey, 2003). Such anomalies may reflect 
adcumulate plagioclase protoliths in recycled lower oceanic crust (Hoffman and Jochum, 1996; 
Frey et al, 2016) or low melt fractions created during formation of carbonatite by incipient 
melting of metasomatized peridotite (Dixon et al., 2008). 
The formation of preshield and rejuvenated stage melts by a process involving a low melt 
fraction is expected to be characteristic of preshield volcanism as a Hawaiian volcano approaches 
the hotspot and of rejuvenated stage volcanism as the shield building stage ends and the volcano 
moves away from the hotspot. The role of carbonatite in generating a low melt fraction and a 
negative correlation between Nb/La and Sr/Nb (Fig. 3.8) is a more likely process than generating 
a source component with the incompatible element content of adcumulate plagioclase (Frey et 
al., 2016).   
 
3.7.  Radiogenic Isotopic Ratios of Sr, Nd, Hf, Pb  
As discussed above, a major result at Kilauea is that its preshield and shield stage lavas 
overlap in their trends of Zr/Nb versus Sr/Nb (Fig. 3.6). Similarly, Kilauea preshield and shield 
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stage lavas also overlap in plots of eNd versus eHf and 87Sr/86Sr (Fig. 3.9a and b). Note that there 
are no published radiogenic isotope data for the Hilina basanite–nephelinite high-S glass grains 
(Sisson et al., 2009), with the exception of two meeting abstracts reported HIMU-type Pb isotope 
compositions for these high-S glasses using SIMS technique (Shimizu et al., 2001; 2005). As such, 
these glasses are not discussed in this section. As typical of Hawaiian lavas, Kilauea eHf versus  eNd 
trend has a shallower slope compared to the reference terrestrial array (Fig. 3.9a; Blichert-Toft 
et al., 1999). Specifically, Kilauea preshield stage lava S505-9A (Hanyu et al., 2010) has eHf of 8.91, 
lower than any published Kea lavas, and hence, plots within the Pacific MORB field and below 
the Hawaiian trend (Fig. 3.9a). 
In contrast, Kilauea preshield lavas tend to have higher 206Pb/204Pb than shield stage lavas, 
and they range to the highest (the most radiogenic) Pb isotope ratios found in Hawaiian lavas 
(Figs. 9c and d, Fig.10a-c). For example, Kimura et al., 2006 found that 27 preshield lavas, ranging 
from tholeiitic basalt to basanite, have 206Pb/204Pb ranging up to 18.733. Only one subaerial 
erupted Kilauea shield lava has a more radiogenic value, and that is sample EK28-77 which was 
not acid leached with a measured 206Pb/204Pb ratio of 18.859 (Chen et al., 1996); this ratio 
decreased to 18.603 after acid leaching (Kimura et al., 2006). At Hawaii, the 206Pb/204Pb versus 
208Pb/204Pb relation can be used to distinguish between Loa- and Kea-trend lavas (Fig.3.9d), with 
Loa-trend lavas having higher 208Pb/204Pb at a given 206Pb/204Pb, i.e., 208Pb*/206Pb*, than Kea-
trend lavas (e.g., Abouchami et al., 2005; Fig. 3.10). Most Kilauea lavas plot on the Kea-side in a 
206Pb/204Pb versus 208Pb/204Pb plot, but some, including both preshield and shield stage lavas, plot 
within the Loa-side (Fig. 3.9d).  
43 
 
Subsequent shield stage eruptions from the Uwekahuna Bluffs, from 250 to 1400 
Common Era (CE), have lower and more uniform 206Pb/204Pb, and show systematic temporal 
variations of Pb isotopic ratios toward Loa-type Pb isotope signature, i.e., high 208Pb*/206Pb* and 
87Sr/86Sr (Fig. 3.10c), before returning to typical Kilauea shield isotope signature in historical lavas 
(Marske et al., 2007). This transition is also observed in lavas with similar ages erupted at the 
adjacent Mauna Loa volcano. This similarity led Marske et al. (2007) to suggest that both Kilauea 
and Mauna Loa sampled a same small-scale (5-10 km) compositional heterogeneity during this 
period. These small-scale variations have been observed in historical shield stage lavas as well 
(Fig. 3.2). 
 
3.8. Evidence of Magma Contamination 
 Variations in radiogenic Pb, Sr, Nd and stable O isotopes of historical Kilauea lavas have 
led to several studies (Garcia et al., 1998, Greene et al., 2013, Pietruszka et al., 2018) investigating 
to what degree crustal contamination influences isotopic variations of Kilauea lavas, and the 
degrees to which their isotopic variability forms during magma storage or results from source 
heterogeneity. In this section, crustal contamination is defined as material from the lithosphere 
contributing to the geochemical signal of Kilauea lavas, such a stoping of wall rock material in a 
magma chamber. Low d18O values (4.9	‰) observed in Pu’u O’o lavas erupted in 1983-1986 
implies some degree of crustal contamination during magma ascent or storage (Garcia et al., 
1998, 2008). These observations likely reflect contamination of 5 wt% wall rock in more recent, 
post-1924 summit collapse eruptions (Garcia et al., 2008), but could be as high as 12 wt% for the 
older 1868 collapse. d18O values have consistently increased to MORB-like values (~5.4 ‰) to 
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present day (Greene et al., 2013), which also suggest that the process altering O isotopes is 
imparted during magma storage rather than deriving from the source. This variation in d18O does 
not correlate with radiogenic isotopes (Greene et al., 2013, Pietruszka et al., 2019), which leads 
to the conclusion that the process that alters d18O is in the magma chamber(s) rather than 
deriving from source heterogeneity. 
Small-scale variations in radiogenic isotopes on the hand sample to lava flow scale, 
particularly in 207Pb/204Pb (Pietruszka et al., 2018, 2019) have invited further speculation about 
the length scale of source heterogeneity in the Hawaiian plume. The  D207Pb (difference of the 
measured 207Pb/204Pb ratio from the Northern Hemisphere Reference Line in the 207Pb/204Pb vs. 
206Pb/204Pb space, (Hart, 1984; Pietruszka et al., 2019), can vary within a short period of time 
between eruption dates. Pietruszka et al., 2019 replicated high-precision Pb isotope 
measurements of different portions of a single sample erupted in 1912 (sample 95-TAJ-3), and 
found it provides elevated  D207Pb values (+0.0060, +0.0068), suggesting some degree of crustal 
contamination. A sample collected in 1913 (sample 95-TAJ-4), has  D207Pb=0.0010, indicating that 
it represents an uncontaminated end-member source signature for Kilauea. Similar variations 
were observed throughout samples collected from the 20th century, with the highest deviation 
in D207Pb (+0.0486) in samples from 1918-1919, but still are variable at the hand sample scale. 
This variation on lava flow to hand sample scale suggest that crustal contamination plays an 
important role in the Pb isotopic values, and highly possible other isotope systems, of Hawaiian 
lavas, and they represent 1) at least three unique crustal sources in Kilauea lavas, an 
uncontaminated endmember, one variably contaminated with MORB like material, and one with 
sulfide minerals present and 2) can be sampled within the same flow (Pietruszka et al., 2019).   
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Preshield volcanoes begin in a submarine environment. The involvement of brines has the 
potential to alter magma compositions as it infiltrates the magma chamber (Garcia et al., 1989). 
Evidence of this is clear in Cl-rich glasses from submarine Kilauea, which also have excess Na, Ca, 
K, Rb, Ba and Pb, common components in seawater (Coombs et al., 2004). It can alter the primary 
magma composition by increasing the concentration of elements that are generally low in 
Hawaiian basalts, such as Ba, Rb, and Pb. Sr is an important component of seawater, but Coombs 
et al., 2004 did not observe any excess Sr, relative to most Hawaiian lavas, concluding seawater 
must have a similar concentration to that of the magma. High Cl and other volatiles in glass is a 
good indicator of brine addition and may be able to be distinguished from meteoric water 
involvement that are low in Cl and carry a d18O value that would more appropriately identify its 
involvement (Garcia et al., 1989; Eiler, 2001). The high Cl content found by Coombs et al., 2004 
suggest that it is possible for brine to be incorporated into the magma without the involvement 
of wall rock at 3.5 km below Kilauea.  
 
3.9. Trace Element Modeling 
I employ partial melting and mixing models to investigate the compositions of potential 
source materials for shield stage Kilauea lavas (Fig. 3.11). Partition coefficients, melting reactions, 
and mineral modes are reported in table 3.2. Shield stage lavas of Kilauea have trace element 
ratio patterns that resemble melts of partial melts of common mantle mineralogies, such as 
spinel or garnet peridotite (Fig. 3.11a). For comparison, I also model partial melting of a 
pyroxenite source (Fig. 3.11a), commonly inferred to be a component of the Hawaiian mantle 
plume (Sobolev et al., 2005; 2007). We use primitive mantle compositions of Hofmann (1988) as 
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a starting composition. Most historical Kilauea lavas are explained by 1-6 wt% partial melts of a 
garnet peridotite. Spinel peridotite melts overestimates Zr/Nb at a given Sr/Nb, while pyroxenite 
melts underestimate Zr/Nb and would require unrealistically high degrees of partial melting.  
Preshield lavas are more complex due to their wide range of compositions, in addition to 
high S glass compositions contemporaneous with preshield lavas. Due to their similarity, 
rejuvenated stage Kiekie basalts from Niihau are plotted as well (Dixon et al., 2008). Sisson et al., 
2009 proposed a minor amount of phlogopite in the melting region, which can have a significant 
effect on highly incompatible trace elements in the resulting melt. Recent experimental data by 
Condamine et al., 2016 shows phlogopite melts much more readily than the model used by Sisson 
et al., 2009. Model parameters used can be found in table 3.3, and results of the model are in 
Figs. 311b and 311c. This impacts Ba/Th and Nb/La values at low degrees of partial melting 
because both Ba and Nb are much more compatible than Th and La, respectively, in phlogopite 
(Sisson et al., 2009; table 3.3). With a small change in phlogopite content, from 0.5% to 2%, 
phlogopite remains a residual phase up to 3.3% of melting. This creates a positive trend in Nb/La 
vs. Ba/Th (fig. 3.11c) which can explain the anomalous values of the high S glasses. However, 
garnet is far more abundant (table 3.2) in the source than phlogopite. Zr is much more compatible 
in garnet than phlogopite, and thus melting of a phlogopite-bearing garnet peridotite produces 
a positive trend in Zr/Nb vs. Ba/Th, which is inconsistent with the negative Ba/Th vs. Zr/Nb trend 
formed by high S glasses (Fig. 3.11). Partial melting models can only explain some of the observed 
geochemical signature, the positive Ba/Th vs. Na/La correlation, of these enigmatic high S glasses 
that occurred during preshield volcanism. Alternatively, the positive Ba/Th vs. Nb/La trend and 
negative Ba/Th vs. Zr/Nb trend formed by high S glasses may be better explained as a result of 
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phlogopite fractionation, because phlogopite tends to have higher Ba/Th, Nb/La but lower Zr/Nb 
than their equilibrium melts (LaTourette et al., 1995; Schmidt et al., 1999; Salters et al. 2002). 
Sisson et al., 2009 showed that the calculated mantle source of Kilauea preshield high 
S basanite-nephelinite glasses is like that of Kiekie basalts that are rejuvenated stage lavas from 
Niihau (Dixon et al., 2008; Fig. 3.7). Unfortunately, except for two meetings abstracts that report 
HIMU-type Pb isotopic signature for these Kilauea basanite-nephelinite glasses (Shimizu et al., 
2001; 2005), there are no published radiogenic isotope data. DeFelice et al., 2019 found that 
Mauna Kea shield stage high-CaO lavas have the same Sr, Nd, Hf and Pb isotope ratios as 
Hawaiian rejuvenated stage lavas. They also showed that the estimated mantle sources of shield 
stage high-CaO lavas from Mauna Kea are similar, not identical, to that of Hawaiian rejuvenated 
stage lavas (Fig. 3.12). As such, we speculate that the source components that dominate the 
Hawaiian rejuvenated stage lavas have also been sampled by Kilauea preshield volcanism (Sisson 
et al., 2009) and Mauna Kea shield volcanism (DeFelice et al., 2019). That is, the rejuvenated 
mantle source is widely distributed within the Hawaiian mantle plume, and similarities in their 
calculated source compositions are apparent (Fig. 3.12). 
This hypothesis can be tested as there is some radiogenic isotope evidence to support 
a shared plume component between preshield and rejuvenated lavas. Two high precision Pb data 
points exist for preshield Kilauea nephelinites (Hanyu et al., 2010) and are plotted along other 
high-precision Pb data for the high-CaO basalts and rejuvenated stage samples (fig. 3.13). The 
two Kilauea nephelinites plot within error of the trendline defined by the Koloa Volcanics 
(DeFelice et al., 2019), a series of rejuvenated basalts erupted on Kauai (Garcia et al., 2010; Garcia 
et al., 2015). It is important to use caution when drawing conclusions with two data points, but 
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in the absence of any other high precision data, the similarities presented here suggest that there 
is a connection between the preshield and rejuvenated stages mantle sources. This source 
component is likely pervasive within the shield building part of the plume as well, as it was also 
sampled by the shield stage high-CaO lavas at Mauna Kea Volcano (DeFelice et al., 2019).  
Model trace element calculations can be useful in determining a connection by 
comparing calculated primary magma compositions (concentrations of samples corrected to be 
in equilibrium with Fo90) of Kilauea’s preshield lavas. Sisson et al., 2009 calculated the primary 
magma compositions of high S glasses (see table 10, Sisson et al., 2009). When they are compared 
to that of the high-CaO primary magma compositions (fig. 3.14; DeFelice et al., 2019) they are 
strikingly similar. This is an additional connection between these preshield glasses and the shield 
stage high-CaO basalts, which has been identified as a refractory depleted component within the 
mantle plume. The refractory depleted component is also responsible for the generation of 
rejuvenated basalts (DeFelice et al., 2019). In detail, at Hawaii, the depleted components are 
heterogeneous: some are distinct from MORB source, but some are similar to MORB source 
(DeFelice et al., 2019; Beguelin et al., 2019; Harrison et al., 2020). 
The evidence provided by available high-precision radiogenic Pb data (Fig. 3.13) and 
modeled primary magma compositions (Fig. 3.14) all point to a widely distributed refractory 
depleted component distributed throughout the Hawaiian mantle plume. A depleted component 
has also been detected in Hawaii’s only active preshield volcano, Loihi (Mukhopadhyay et al., 
2003). This is likely not a unique feature of the Hawaiian mantle plume either. Widely distributed 
depleted components have been reported in Kerguelen (Frey et al., 2015) and Galapagos (Buchs 
et al., 2016) mantle plumes. It is likely the result of unique melting conditions (lower 
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temperature, lower degrees of partial melting) required as to not over-print its signature with 
that of a more enriched component (DeFelice et al., 2019; Stracke et al., 2019).  
 
3.10. Summary  
 Kilauea volcano is the most active volcano in the world and has been continuously 
sampled over several decades. Variations in radiogenic and stable oxygen isotopes reveal that 
the magma chambers that store Kilauea lavas can be contaminated by at least three distinct types 
of country rock and brines. This has let us track individual batches of magma and understand 
their transport and crystallization processes of shallow Kilauea magma chambers.  
Trace element ratios of Kilauea samples indicate small scale variations during the 
evolution of preshield and shield stage eruptions. Most preshield and shield stage lavas have 
similar trace element signatures, as well as Sr, Nd, and Hf isotopic signatures as a typical Kea-
trend volcano. However, detrital preshield glass grains with high S content also have high Ba/Th, 
like rejuvenated stage Kiekie lavas. These are best explained by adding a small amount of 
phlogopite to their source, up to 2 wt%. This is inferred to be the contribution of a high S source 
proposed by Sisson et al., 2009 and a source like the depleted rejuvenated component that 
generates rejuvenated stage lavas. 
Most preshield and shield stage lavas have similar trace element signatures, as well as Sr, 
Nd, Hf isotopic signatures, however: there is a distinct carbonatite contribution in the mantle 
source of Kilauea preshield high S glasses. This cannot explain the entire variation observed in 
trace element ratios for these glasses and is therefore an incomplete explanation for 
heterogeneity during preshield volcanism. Preshield stage lavas trend to higher 206Pb/204Pb, also 
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indicative of the preshield stage being more heterogeneous than shield stage volcanism. 
Preshield lavas likely sample the are erupted on the leading edge of the Pacific plate, while 
postshield and rejuvenated stage lavas sample the trailing edge, but both sample an outer sheath 
of depleted material. If the plume is geochemically zoned, preshield and rejuvenated lavas likely 
share very similar sources. Some shield stage lavas have also sampled this component (DeFelice 
et al., 2019). The distribution and occurrence of these signals in preshield Kilauea lavas, shield 
stage Mauna Kea lavas, and in rejuvenated lavas paint a picture of highly heterogeneous 
Hawaiian mantle plume, with preshield/rejuvenated sources not only present at the edge of the 





Table 3.1 – Comparison of XRF data collected of previously studied preshield lavas, and new XRF data from the University of 
Massachusetts, Amherst (denoted with an asterisk). 1-Data from Lipman et al., 2006, 2-Data from Hanyu et al., 2010. 
 
          
Sample Analysis location Sr (ppm) Y (ppm) Zr (ppm) Nb (ppm) Th (ppm) La (ppm) Zr/Nb Sr/Nb 
    
        
K207-R2 U Mass* 474 28.5 194 19.1 1.00 13.0 10.16 24.8 
 
Japan XRF1 466 24.2 157 17.1 0.99 13.5 9.18 27.3 
K207-R19 U Mass* 436 26.0 179 17.6 1.00 25.0 10.17 24.8 
 
Japan XRF2 433 24.9 134 16 1.07 14.3 8.38 27.1 
S504-2A UMASS* 329 20.6 134 12.7 2.00 7.00 10.55 25.9 
 
Japan XRF2 339 19.2 101 11.3 0.78 10.1 8.94 30.0 
S504-2B UMASS* 321 20.9 134 12.8 1.00 7.00 10.47 25.1 
 
Japan XRF2 319 18.4 125 11.9 0.78 10.4 10.50 26.8 
K209-8A U Mass* 228 18.6 103 8.0 1.00 5.00 12.88 28.5 
 











USGS XRF (energy dispersive) 226 21.2 118 9.88 0.59 8.65 11.94 22.9 
K98-R1 U Mass* 1084 48.0 513 56.7 4.00 46.0 9.05 19.1 
 
USGS XRF (energy dispersive) 1070 53.0 463 55 
  
8.42 19.5 




Table 3.2a – Partial melting parameters used for garnet peridotite (model shown in figure 3.11a). Source mode represents the percent 
abundance of each mineral phase. D=calculated bulk partition coefficient, P=melting reaction, KD=partition coefficients for an element 










  Olivine Orthopyroxene Cinopyroxene Garnet Melt Reference  
         
Melt reaction 7 -16 68 25 84 Walter (1988) 
Re-normalization 0.083 -0.190 0.810 0.298 1   
Source mode 0.51 0.177 0.273 0.04 1   
         
KD      Pietruszka et al. (2013) 
Nb 0 0.003 0.02 0.02    
La 0 0.002 0.03 0.02    
Zr 0 0.02 0.042 0.35    
Sr 0 0.007 0.08 0.01    




 PM, Hofmann 
(1988) 
D P 
    
Nb 0.6175 0.007 0.022     
La 0.6139 0.009 0.030     
Zr 9.714 0.029 0.134     
Sr 18.21 0.023 0.066     
Yb 0.4144 0.274 1.431     
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Table 3.2b – Partial melting parameters used for spinel peridotite (model shown in figure 3.11a). D=calculated bulk partition 
coefficient, P=melting reaction, KD=partition coefficients for an element in each phase. *Orthopyroxene KD calculated using 
orthopyroxene/clinopyroxene partition coefficients from Eggins et al. (1998). Spinel partition coefficients from Salters and Longi 
(1999). 
  Olivine Orthopyroxene Clinopyroxene Spinel Melt Reference   
          
Melt reaction -0.25 -0.15 1.34 0.07 1.01 
Kinzler and Grove, 1992 16 
kbar   
Re-normalization -0.003 -0.002 0.016 0.001 0.012    
Source mode 0.53 0.2 0.23 0.04 1    
          
KD*         
Nb 0 0.0013 0.045 0     
La 0 0.00008 0.045 0     
Zr 0 0.0066 0.138 0     
Sr 0 0.00041 0.186 0     




 PM, Hofmann 
(1988) 
D P      
Nb 0.6175 0.011 0.013      
La 0.583205 0.010 0.012      
Zr 9.714 0.033 0.039      
Sr 21.852 0.043 0.051      
Yb 0.4144 0.127 0.147      
54 
 
Table 3.2c – Partial melting parameters used for garnet pyroxenite (model shown in figure 3.11a). D=calculated bulk partition 
coefficient, P=melting reaction, KD=partition coefficients for an element in each phase. 
    Clinopyroxene Garnet Melt Reference   
         
Melt reaction  0.82 0.18 1 Pertermann and Hirschmann (2003) 
Source mode  0.82 0.18     
         
KD        
Nb  0.008 0.012  
Pertermann et al. 
(2004)  
La  0.029 0.004     
Zr  0.130 0.542     
Sr  0.065 0.013     
Yb  0.765 8.976     
         
Source 
concentration 
(ppm) PM, Hofmann (1988) P D     
Nb 0.6175 0.009 0.009     
La 0.6139 0.024 0.024     
Zr 9.714 0.204 0.204     
Sr 18.21 0.055 0.055     
Yb 0.4144 2.243 2.243     
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Table 3.3 - Partial melting parameters used for phlogopite-bearing garnet peridotite (model shown in figure 3.11b and c). D=calculated 
bulk partition coefficient, P=melting reaction, KD=partition coefficients for an element in each phase. 
 
 
  Phlogopite Clinopyroxene Garnet Orthopyroxene Olivine Melt Reference  
Source mode 0.02 0.183 0.075 0.25 0.485    
Melt reaction 0.59 0.51 0.18 -0.06 -0.23 1.00 Condamine et al. (2016) 
          
KD       Sisson et al. (2009) 
Ba 3.7 0.0002 0.0002 0.0001 0.0099    
Th 0.0014 0.015 0.001 0.003 0.0005    
Nb 0.088 0.028 0.00054 0.0038 0.004    
La 0.028 0.02 0.0005 0.002 0.00015    
Zr 0.017 0.061 0.3 0.016 0.003    
          
Source concentration (ppm) D P    Sisson et al. (2009) 
Ba 23.9 0.0779 2.196     
Th 0.054 0.0038 0.0084     
Nb 1.02 0.0097 0.0657       
La 0.72 0.0048 0.0269       





Figure 3.1 – Map of the Hawaiian Islands. Volcano names in the blue line, including Kilauea, fall 
in a subparallel line sharing geochemical similarities with Mauna Kea volcano and are called Kea-
trend (blue line, Abouchami et al., 2005). Volcano names in the red line share geochemical 




Figure 3.2 - Overview of the geochemical evolution of Kilauea from preshield to shield stage 
historical lavas.  Variations in source concentrations (Zr/Nb, 208Pb*/206Pb*) can be seen on both 
on historical, year by year basis, and in older, preshield lavas. The same can be said about changes 
in igneous process, seen here as a function of varying La/Nb a proxy for degree of partial melting 







Figure 3.3 - Crystal fractionation effects of major phases in Kilauea shield lavas. A) MgO vs. Sr/ 
Nd showing the effect of plagioclase crystallization at ~7 wt % MgO, B) pyroxene crystallization 
kicks in after plagioclase at MgO ~5.5 wt % and C) vs. CaO/Al2O3 show the increasing role of 




 Figure 3.4 - Trace element ratios of Kilauea lavas: A) Positive correlation in Zr/Nb vs. Sr/Nb 
highlight the contribution from garnet peridotite (elevated Zr/Nb) and a plagioclase adcumulate 
(Frey et al. 2016). Panel B) Sr/Nd vs. Sr/Nb show that contributions from plagioclase adcumulate 
overtime his been variable. Panel C) Zr/Nb vs. La/Yb shows variable degree of partial melting over 




Figure 3.5 - 206Pb/204Pb vs. Zr/Nb and La/Nb ratios. Panel A) Kilauea lavas stretch across a 
significant range of Kea-trend lava values. Panel B) The role of plagioclase adcumulute, 
particularly in the Loa endmember, contributes to the wide range of La/Nb values for Loa-trend 
lavas. However, Kea lavas have a more restricted range, and Kilauea shield lavas, except for 








Figure 3.6 - Evaluation of geochemical data from preshield lavas. New analysis using XRF at the 





Figure 3.7 - Trace element ratios of preshield, high S glasses from Sisson et al., 2009 compared 
with rejuvenated stage lavas from Niihau (Dixon et al., 2008, Kiekie basalts). High S glasses are 






Figure 3.8 - Nb/La vs. Sr/Nb showing high S glass strong negative correlation to other Kilauea 
lavas. This trend is most likely produced by low degree melting of a carbonatite metasomatized 




Figure 3.9 - Radiogenic isotope plots of Kilauea shield and preshield lavas relative to Kea-trend 
and Loa-trend shield stage lavas. Rejuvenated stage lavas are plotted as a separate field, as well 
as Loihi seamount, the only active preshield Hawaiian volcano. Pacific MORB field plotted for 
reference. Black diagonal line in panel A is the terrestrial array (Vervoort et al., 2011). Black 
diagonal line in panel D is defined by the unique Pb isotopic differences between Loa-trend and 
Kea-trend lavas (Abouchami et al. 2005). Specifically, Kilauea shield stage lava S505-9A of Hanyu 
et al., 2010, has eHf of 9.3, lower than any published Kea lavas, and hence, plots within the Pacific 





Figure 3.10 – Pb star ratios of Hawaiian lavas and Pacific MORB. See chapter 2, figure 2.3 for Pb 
star definition. Kilauea shield and preshield lavas display a wide range of 208Pb*/206Pb* values, 
indicating a highly heterogeneous source relative to other Kea-trend volcanoes. Legend same as 




Figure 3.11 - Partial melting models. Panel A (top left): Shield stage lavas only, melting of a 
modified PM source of Hofmann, 1988. Panel B and C (right, top and bottom): Phlogopite 
saturated melting using melt reaction of Codamine et al., 2016 and 2% phlogopite, modified from 





Figure 3.12 - Comparison of different sources that have been proposed to explain the unique 









Figure 3.13 – High precision Pb isotope analysis of rejuvenated xenoliths (Salt Lake Crater) and 
basalts from Kauai (Kaula and Koloa Volcanics), high-CaO shield stage Mauna Kea basalts, and 
two data points of Kilauea preshield nephelinites (Hanyu et al., 2010). Trend lines are from 
DeFelice et al., 2019 (see also figure 2.5), that project different end-members for rejuvenated 






Figure 3.14 – Primitive mantle normalized rare earth element plot of primary magma 
compositions of Kilauea high S pre-shield glasses (table 10 of Sisson et al., 2009) and the average 
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 Previous investigations of mafic rocks using magnesium stable isotopes revealed little to 
no measurable variations in d26Mg values. More recently, values that deviate from the assumed 
mantle value (-0.25‰) have been recorded in alkalic basalts. Mauna Kea Volcano, Hawaii, is a 
well-studied ocean island volcano that is currently in its post-shield stage. Post-shield volcanoes 
produce dominantly alkalic basalts. At Mauna Kea, there are two sub-stages: Hamakua Volcanics 
and a sub-stage called Laupahoehoe. I measure the major and trace element compositions, as 
well as the magnesium stable isotopes, of basalts from Mauna Kea to further investigate possible 
variations in d26Mg alkalic basalts. Post-shield samples have d26Mg that range from -0.09 to -
0.39‰, well outside the currently accepted range of values for ocean island basalts. The d26Mg 
values do not correlate with geochemical tracers for source heterogeneity, chemical weathering, 
or degree of partial melting. I use MELTs for Excel (Gaulda and Ghiorso, 2015) to model the 
crystallization history of Mauna Kea’s post-shield. Batch crystallization, fractional crystallization, 
wall-rock assimilation, a recharging magma chamber, and a mixed batch/fractional model are all 
tested. I find that a mixed batch/fractional model fits observed major element data best, and 
late-stage crystallization is controlled by the formation of oxide minerals of spinel, magnetite, 
and ilmenite. Inter-mineral magnesium fractionation factors are determined for these phases 
with regards to olivine using an ab initio method. Model output data is then used to calculate 
the isotopic composition of the liquid. Modeled liquid isotopic compositions match the 
measured d26Mg data of Mauna Kea’s post-shield, irrespective of starting oxygen fugacity. I find 
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 Magnesium is a major element present in the Earth’s crust and mantle. It is a major 
constituent of mineral phases like olivine, pyroxene, and oxide minerals and occurs as a divalent 
(2+) cation. It has three stable isotopes masses of 24, 25, and 26. When studying stable isotope 
ratios, they are reported in ratios using their heaviest mass relative to their lightest mass. This is 
done because it leverages the difference in energy required in natural systems to incorporate 
heavier versus lighter isotopes in various processes. Ratios of stable magnesium isotopes are 
reported using the delta (d) notation, which is calculated as d26Mg = [(26/24Mgsample/26/24MgDSM3-
1) x 1000], where DSM3 is the community accepted standard for Mg isotope measurement (Galy 
et al., 2003). The magnesium isotopic composition of the Earth is chondritic, meaning it matches 
the solar systems natural ratio as measured in CI chondrites, with d26Mg= -0.25 +/- 0.07 per mil 
(‰) (Teng et al., 2010). Several studies of mafic igneous rock suites, from mid-ocean ridge 
basalts (MORB) to ocean island basalts (OIB), show measured values within analytical error of 
the mantle value of -0.25 ‰,	which is based on analysis of mantle xenoliths (Teng et al., 2007; 
Teng et al., 2010). This led to the preliminary conclusion that mafic magma differentiation, i.e., 
fractional crystallization, does not fractionate magnesium isotopes.  
As interest in stable isotopes of magnesium increased, reports of more variable d26Mg 
have been observed in a wide variety of mafic systems of tholeiites and alkalic basalts, including 
high Ti-lunar basalts (Sedaghatpour et al., 2013), arc lavas (Teng et al., 2016), continental basalts 
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(Yang et al., 2012) and alkalic basalts (see Fig. 1 of Zhong et al., 2017; Huang et al., 2015). Thus, 
some mechanism has caused this observed variation. Post-magmatic processes, such as 
metasomatism (Su et al., 2015; Zhong et al., 2017) and chemical weathering (Liu et al., 2014) 
have been suggested to alter  d26Mg value of samples. Source heterogeneity in the mantle may 
also play a role in the d26Mg of a sample (Zhong et al., 2017).  
Stable isotope fractionation is the tendency of a natural process to pick one isotope of a 
given element over another, based on energy constraints. In igneous settings, it is primarily 
controlled by temperature and bond strength (Schauble, 2011). As temperature decreases, it is 
energetically more favorable to incorporate lighter mass isotopes into crystal structures, leaving 
heavier mass isotopes behind in the residual liquid. Bond length, which is also a function of 
valence and coordination number, plays an important role in fractionating isotopes in crystal 
structures (Schauble, 2011; Young et al; 2015). Shorter bonds are usually the result of lower 
coordination, which are more likely to incorporate heavier isotope of the element. Little inter-
mineral fractionation of magnesium has been found between major mafic minerals, such as 
olivine and the pyroxenes (Schauble, 2011; Huang et al., 2013). However, oxide minerals have a 
different structure, where magnesium has a tetrahedral coordination rather than an octahedral 
coordination like in silicates (Schauble, 2011). This causes variation in bond lengths, providing a 
pathway for fractionation between silicates and oxides with respect to magnesium. 
  Initial investigations into Mg isotope systemics were done on samples from the well-
studied Kilauea Iki lava lake (Teng et al., 2007). Kilauea Iki lava lake is the product of the 1959 
summit eruption of Kilauea Volcano, where lava filled a crater on the flank of the volcano (Helz, 
1987). The lava cooled and has since been used as a testing grounds for various geochemical 
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techniques because it closest represents a ‘closed system’ where there is no new lava input. The 
samples range from 26.87-2.37 wt% MgO, showing a continuous and smooth crystallization 
pathway from a parental composition to alkalic basalts (Helz, 1987). Across this range of values, 
samples have homogenous d26Mg values (Teng et al., 2007; Teng et al., 2010), suggesting that 
there is limited to no observable fractionation during crystallization from parental compositions 
where olivine first forms, down to the last phases to crystallize, such as pyroxene. Initial 
investigations of inter-mineral fractionation factors support these observations (Schuable, 2011; 
Young et al., 2015). Very limited fractionation occurs between co-existing mafic mineral phases 
of olivine, clinopyroxene and orthopyroxene (Huang et al., 2013). These minerals make up the 
bulk of the magnesium content in basalts, and the overall homogeneous  d26Mg value for 
tholeiitic basalts is not surprising. 
 The approach of these initial investigations was to capture any variations that may occur 
by casting a wide net over samples that display a variety of well-known igneous processes: 
degree of crystallization, source heterogeneity, degree of partial melting, and exposure to 
chemical weathering processes. These studies are important early in the development of a new 
geochemical tool, such as metal stable isotopes. However, more targeted studies are required 
to investigate the details of each process. Here, I focus on samples from the shield to post-shield 
transition of Mauna Kea Volcano, Hawaii. These samples track both a change in the volcano’s 
growth history, and a geochemical shift from tholeiitic to alkalic basalts over a longer period of 




With the increased variability in basalts, it is important to assess all these processes, and 
re-evaluate previous ones, such as fractional crystallization. Can crystallization processes 
fractionate stable isotopes of magnesium? I will assess the variability seen in alkalic basalts by 
analyzing a series of tholeiitic to alkalic basalts from Mauna Kea, Hawaii with a well understood 
history to evaluate metasomatism, source heterogeneity, partial melting, and fractional 
crystallization as mechanisms for magnesium isotope fractionation. I combine d26Mg 
measurements of shield and post-shield Mauna Kea lavas along with thermodynamic 
crystallization models, using MELTS for Excel (Gualda and Ghiorso, 2015) to investigate the 
cooling history of Mauna Kea’s magma chamber, between the shield and post-shield stage.  The 
goal of this work is to investigate whether the alkalic post-shield stage of Mauna Kea has non-
mantle like  d26Mg. Additionally, the  d26Mg values will be compared with crystallization models 
and the general geodynamic model proposed by Frey et al. (1990). 
 
4.3. Sample Description 
 Hawaiian volcanoes are thought to be the products of a mantle plume that sample the 
lower mantle and change in composition and eruptive volume over time (Wise, 1982; Moore 
and Clague, 1992; DePaolo et al., 2001; Lipman and Calvert, 2013). These growth stages are 
called the preshield, shield, and post-shield stages of volcanism (Fig. 4.1a). These stages have 
compositional trends, and emerge in the preshield stage as alkalic basalts, and transition to 
tholeiitic basalts during the shield stage. As eruptive frequency decreases, compositions become 
alkalic again during the post-shield stage and, if the volcano reactivates after a period of no 
eruptions, rejuvenated stage. On the island of Hawaii, Mauna Kea Volcano is currently in its post-
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shield stage, while Kilauea Volcano is in its shield stage (Fig. 4.1b). This compositional shift is 
likely caused by plate motion moving the volcano further away from the center and higher melt 
production center of the plume to the periphery, where temperatures are lower (Jones et al., 
2017). This transition causes magma supply to sharply decrease to magma chambers, and 
fractional crystallization takes over as the dominant process. This generates more evolved alkalic 
post-shield lavas.  
 The Hawaiian hot spot samples a depleted mantle source, with radiogenic isotope ratios 
that extend from the focal zone to the depleted mantle (DM) in radiogenic isotope space (see 
Harrison et al., 2020; DeFelice et al., 2019; Frey et al., 2015; Frey et al., 2005). The nature of the 
depleted component has long been debated, but recently has been attributed to an intrinsic 
component in the lower mantle (DeFelice et al., 2019). Radiogenic isotopic variability exists along 
the Hawaiian Islands, most notably, a distinct difference in Pb isotope space between volcanoes 
in a sub-parallel trend with Mauna Kea and Mauna Loa (Abouchami et al., 2005, see also figure 
2.3), suggesting that the Hawaiian mantle plume has a geochemical asymmetry. Within a single 
volcano, there can be more subtle variability, with three distinct depleted components 
contributing to the Pb ratios observed at Mauna Kea (Eisele et al., 2003).  
 To study the geochemical evolution of a Hawaiian volcano through its shield and post-
shield stage, the Hawaii Scientific Drilling Project (HSDP) drilled and recovered over 3 km of 
basalts from Mauna Kea volcano on the island of Hawaii (DePaolo and Stolper, 1996; Rhodes and 
Vollinger, 2004). Most of the drill core represents shield stage tholeiites, with the top 500 m 
composed of post-shield stage alkalic basalts. There are two recognized units within in the post-
shield stage of Mauna Kea; Hamakua Volcanics, which are dominantly tholeiitic with some alkalic 
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lavas, and Laupahoehoe Series, which is more alkalic and includes hawaiites and mugearites 
(Wolfe et al., 1997). 
 Hamakua basalts erupted from 80-150 ka while Laupahoehoe volcanism ranges from 65 
ka (Wolfe et al., 1997) to 4.4 ka (Porter, 1979). Hamakua Volcanics have MgO values from 25.22-
3.91 wt% and includes some tholeiites but are mostly alkalic basalts. Within this group, there is 
a sub-group called the ‘high Fe-Ti basalts’ (Frey et al., 1990). In addition to a temporal gap 
between the two post-shield series, there is a geochemical variation between the two sub-stages 
(Fig. 4.2). This temporal-geochemical transition was described by Frey et al., 1990, and 
summarized here. The magma chambers that produced the Hamakua Volcanics had magma 
supply rates drop as they moved away from the center of the Hawaiian mantle plume due to 
plate motion. As a result, the magma chamber deepened, and with a sharp decrease in magma 
supply, fractional crystallization became the dominant igneous process within the chamber 
rather than recharge. During this time, limited eruptions of Mauna Kea occurred. This is 
represented by the geochemical gaps in samples after Hamakua material erupted (Fig. 4.2). This 
process reduces the liquidus density to a point in which the magma is now buoyant enough to 
escape and erupt as Laupahoehoe sub-stage (Frey et al., 1990). This petrogenetic model explains 
both the temporal and geochemical gaps that exist between these two substages.  
 Fe-Ti oxides play a crucial role in the geochemical evolution of Mauna Kea’s post-shield 
stage. Ilmenite [(Mg,Fe)TiO3], magnetite [(Mg,Fe2+,Fe3+)3O4], and spinel [MgAl2O4] are all 
accessory minerals involved in alkalic basalt evolution. At Mauna Kea, ilmenite, magnetite and 
spinel are present in groundmass of alkalic basalts and xenoliths associated with the post-shield 
stage (Fodor and Vandermeyden, 1988, Fodor and Galar, 1997; Frey et al., 1990). Magnesium, 
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with a 2+ charge, can replace ferrous (2+) iron in these crystal structures. Oxide crystal structures 
are very different from silicate structures, which effects the coordination of cation sites and the 
bond lengths to oxygens. This project investigates whether the crystallization of oxide minerals 
can have a measurable effect on the magnesium isotopic budget of crystallizing, post-shield 
stage basalts. 
  
4.4. Analytical Procedure  
 Shield (n=43) and post-shield stage samples (n=13) from the representative suite of HSDP 
(Rhodes and Vollinger, 2004) were used for this study. Additionally, 45 samples from Hamakua 
Volcanics (Frey et al., 1990) and Laupahoehoe Series (n=18, Frey et al., 1990; West et al., 1988) 
were selected for Mg isotope analysis to investigate the Mg isotope ratios of the shield to post-
shield transition of Mauna Kea volcano. Shield samples are likely ~500 ka (based on the age 
growth model of Sharp and Renne, 2005) to at least the age of inception for latest post-shield 
stage volcanism (Laupahoehoe, ~65 ka; Wolfe et al., 1997).  
 
4.4.1. Major and Trace Element Analysis  
 Millipore ultrapure water (resistivity=18 MΩ), double distilled acids using a sub-boiling 
PFA distiller, and Baseline/Optima grade acids were used for sample preparation. For major and 
trace element analysis, ~50 mg of rock powder was dissolved in acid cleaned Savillexä beakers 
using 3 ml of a 1:1 mix of HF:HNO3 and placed on a hot plate for 2 weeks at 100°C. Samples were 
then dried down and rehydrated with 1 ml of 50% HNO3 (by mass) and dried back down three 
separate times. 6 ml of 50% HNO3 was added to each sample and no undissolved residue was 
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observed. An aliquot of each sample solution, 2 ml, was pipetted into acid cleaned 125 ml plastic 
bottles, where the sample was diluted with 2% HNO3 to a dilution factor of ~5000. Samples were 
analyzed for major and trace elements using a Thermo Scientific iCAP-Q inductively coupled 
plasma mass spectrometer (ICP-MS) in KED mode to reduce polyatomic interferences. A typical 
analytical procedure of: drift monitor-standard-unknown-unknown-unknown-unknown-drift 
monitor was used to monitor sensitivity drift during analysis (Huang and Frey, 2003; DeFelice et 
al., 2019). Three USGS rock standards were used: BHVO-1, BCR-1 and AGV-1 to produce linear 
calibration curves and BHVO-2 was measured as an unknown sample for quality control.  
 
4.4.2. Stable Isotope Analysis 
For Mg isotopes, samples were prepared in a clean laboratory at the University of 
Washington, Seattle, WA following the procedure of Teng et al., 2010. For ion exchange 
chromatography, acid concentrations were determined using acid-base titration, and 
concentrations are within 3% error of reported values. About 2-5 mg of sample powders were 
dissolved in acid cleaned Savillex beakers using 3 ml of a 1:1 mixture of HF and HNO3 on a hot 
plate at 100°C for 5-7 days. Samples were then dried down and 1 ml of aqua regia (3:1 mixture 
of HCl:HNO3) was added. Samples were dried down and concentrated 1 ml of HNO3 was added 
and dried again. Finally, the samples were rehydrated in 1 ml of 1 N HNO3. Mg was effectively 
separated from matrix using cation exchange chromatography on acid cleaned AG50W-X8 (200-
400 mesh, Bio-Rad) resin following the procedure of Teng et al., (2007). 100 ul aliquot of sample 
was loaded on to the resin and Mg was eluted from the matrix in 19 ml of 1 N HNO3. Unknown 
samples were processed with both seawater and San Carlos olivine, which have well known, 
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homogeneous values (Teng et al., 2017). Samples were analyzed on a Nu Plasma II multi-collector 
inductively coupled plasma mass spectrometer at the University of Washington (MC-ICP-MS) in 
low mass resolution mode under wet plasma conditions for increased signal stability. Samples 
were introduced to the plasma using a glass nebulizer and spray chamber. Standard bracketing 
technique was used with Mg standard reference material DSM3. Samples were run at either 300 
ppb or 500 ppb concentrations depending on instrument sensitivity. Analytical precision during 
analysis was +/- 0.07‰.		
	
4.4.3. Ab Initio Procedure - Urey or Bigeleisen-Mayer Equation 
 The mass-dependent equilibrium isotope fractionation arises from differences in 
vibrational frequencies by isotopic substitution (Bigeleisen and Mayer, 1947; Urey, 1947). 
Following (Richet et al., 1977), the reduced partition function ratio b (or b factor) of the element 
X in phase A represents the equilibrium X isotope fractionation factor between phase A and an 
ideal atomic gas. Within the harmonic approximation, the b factor) can be expressed as: 












(                 (1) 
In Eq. (1), h and l refer to the heavy and light isotopes, respectively; Qh and Ql represent the 
vibrational partition function for the heavy and light isotopes, respectively; the running index i 
refers to the ith vibrational frequency; N is the number of atoms in the unit cell. Parameters $() 
and $(*  are defined as: 
$()	,-	(* = ℏ&()	,-	(*/(.)                  (2) 
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where ℏ is the reduced Planck constant, (. is the Boltzmann constant, T is temperature in Kelvin, 
and &()	,-	(*  is the vibrational frequency of the ith mode. The equilibrium isotope fractionation 
factor (103lna) between two phases is: 
10&,-./%. = 10&,-!/ − 10&,-!.              (3) 
 
 
4.4.4. First-Principles Calculations 
Eqs. (1-3) show that the calculations of 103lna only require the vibrational frequencies. 
First-principles calculations were performed using the software ‘‘Quantum Espresso” (Giannozzi 
et al., 2009), which is based on the DFT (density functional theory), plane wave, and 
pseudopotential, following a procedure similar to our previous studies (Feng et al., 2014; Huang 
et al., 2013; Li et al., 2019; Qian et al., 2018; Wang et al., 2020, 2017b, 2017a; Wang and Wu, 
2018; Wu et al., 2015). The local density approximation (LDA) (Perdew and Zunger, 1981) was 
adopted to describe the exchange correlation functional. The magnesium pseudopotential was 
generated by the method of von Barth and Car with cutoff radii 2.5 Bohr for all channels using 
five configurations, 3s23p0, 3s13p1, 3s13p0.53d0.5, 3s13p0.5, and 3s13d1 with decreasing weights 1.5, 
0.6, 0.3, 0.3, and 0.2, respectively. The pseudopotential for oxygen was generated by the method 
in (Troullier and Martins, 1991) with a cutoff radius of 1.45 Bohr and a valence configuration of 
2s22p4. The pseudopotentials of Ti and Fe were generated using the Vanderbilt method 
(Vanderbilt, 1990) with a valence configuration of 3s23p64s23d2 and a cutoff radii of 1.8 Bohr for 
Ti, and 3s23p63d6.54s14p0 and 1.8 Bohr for Fe. In order to address the large on-site Coulomb 
interactions among the localized electrons (3d electrons of Fe and Ti) (Anisimov et al., 1991), we 
introduced a Hubbard U correction to the LDA for all DFT calculations (LDA+U). Hubbard U values 
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for Fe and Ti atoms in ilmenite (FeTiO3) and geikielite (MgTiO3) can be found in (Wang et al., 
2020). Hubbard U values for Fe (ferric iron, Fe3+) atoms in tetrahedral and octahedral sites in 
magnesioferrite (MgFe2O4) are 3.3 and 3.7 eV, respectively. All Hubbard U values were non-
empirically determined using the linear response method (Cococcioni and de Gironcoli, 2005). 
We first optimized crystal structures of minerals at different pressures using the variable 
cell shape molecular dynamics method (Wentzcovitch, 1991) with k-point grids of 6×6×6 for 
ilmenite-geikielite and 2×2×2 for magnesioferrite. The energy cutoff for plane wave was set to 
70 Ry. The residual forces converge within 10-4 Ry/Bohr. After the relaxed structures were 
obtained, we then calculated phonon vibrational frequencies using the finite displacement 
method as implemented in the open-source code PHONOPY (Togo and Tanaka, 2015). 
The reduced partition function ratios β of 26Mg/24Mg can be obtained using Eq. (1). 
 The β factor in Eq. (1) is volume-dependent since phonon frequencies from first-principles 
calculations are a function of volume. In order to express β factor as a function of pressure (P) 
and temperature (T), we need to obtain the equation of state, P(V, T), which can be derived from 
Helmholtz free energy. Based on the quasi-harmonic approximation, the Helmholtz free energy 
(F) can be written as: 
0(2, )) = 5(2) + $0∑ ℏ&1,3(2)1,3 + (.)∑ ,-{1 − 9:;[−
ℏ5(,*(7)
9+:1,3
]}   (4) 
where 2 is equilibrium volume, and &, ?, and @ represent the vibrational frequencies, the 
phonon wave vector, and the normal index, respectively. The first, second, third terms in Eq. (4) 
are the static internal, zero-point, and vibrational energy contributions, respectively. The 
calculated Helmholtz free energy versus volume was fitted by the isothermal third-order finite 
strain equation of state, which was used to calculate thermodynamic parameters including 
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pressure. As such, we can obtain the equation of state and the volume versus pressure 




 4.5.1. Major and Trace Elements 
 New major and trace elements are reported in Table 4.1. Hamakua Volcanics range from 
6-20% MgO (wt%) and Laupahoehoe basalts range from 2.72-4.3 MgO (wt%). Hamakua samples 
have increasing Fe2O3 T (total iron) values with decreasing MgO content. At ~5.7 wt% MgO, both 
Fe2O3T and TiO2 reach their peak values (16.22 wt% and 4.74 wt%, respectively). At MgO 
contents lower than 5.7 wt%, both Fe2O3T and TiO2 begin to decrease sharply. CaO (wt%) also 
decreases at the same compositional range. A distinct compositional gap exists between 
Hamakua and Laupahoehoe samples, seen in both major and trace elements (Fig. 4.2; Fig. 4.3). 
 
4.5.2. Magnesium Isotopes 
 d26Mg values are reported in table 4.2 and displayed as a function of MgO (wt%) and 
1/MgO in Fig. 4.4. Using 1/MgO values help highlight variations seen in low MgO values. Shield 
stage tholeiites from HSDP range from  d26Mg = -0.17 to -0.29 ‰, while post-shield Hamakua 
alkalic basalts from the drill core range from  d26Mg -0.21 to -0.31 ‰. Samples of Hamakua 
Volcanics collected at the surface from Frey et al., 1990 range from -0.09 to -0.38 ‰. 
Laupahoehoe samples from West et al., 1988 range from -0.24 to -0.39 ‰. The 2SD of 
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measurements can also be found in table 4.2 and is usually +/- 0.07 ‰ or better. Variation from 
the mantle-assumed value of -0.25 ‰ coincides with a drop in MgO content, starting at 7.5 wt%. 
 
 4.5.3 Ab Initio Results 
 Ab initio calculations were provided by W. Wang (personal communication, Nov. 5, 2019, 
University College of London). All fractionation factors are calculated with respect to olivine (-
0.25‰, Teng et al., 2007). Calculations were done for spinel, magnetite, and ilmenite at pressures 
of 0, 5 and 10 GPa between 27-2747°C. For this work, I focus on the results from 0 GPa and at 
relevant igneous temperatures, 1137-902°C, in table 4.3. Remaining data is reported in appendix 
C. Inter-mineral fractionation factors are plotted in figure 4.5. Inter-mineral fractionation factors 
are calculated: ∆26Mg = d26MgPhase A- d26MgPhase B. Here, phase B will always be olivine because its 
crystallization effect has no effect on the fractionation of magnesium isotopes (Teng et al., 2007). 
Magnetite is heavier than olivine by 0.21 at 1137°C and 0.25 at 902°C. Orthopyroxene and 
clinopyroxene are slightly heavier than olivine and have nearly identical fractionation factors at 
1137°C, 0.08 and 0.07 respectively, and 0.10 and 0.12 at 900°C. Ilmenite is lighter than olivine at 
1137°C with a fractionation factor of -0.10 and even lighter at 900°C, -0.14. Spinel is significantly 
heavier than olivine, -0.50 at 1137°C and -0.70 at 902°C. Ab initio calculations for clinopyroxene 






 The overall range of  d26Mg in post-shield lavas range beyond the accepted mantle value 
of -0.25 +/- 0.07‰ (represented by a grey bar, Fig. 4.4). The greatest variation occurs at the 
transition between low MgO (<7.5 wt%) Hamakua Volcanics and Laupahoehoe samples (Fig. 4.4). 
This variation co-exists with the temporal/geochemical gap between Mauna Kea’s post-shield 
stages (Figs. 4.2 and 4.3). In the following section, I explore this temporal and geochemical gap 
by investigating different petrologic processes that control the geochemistry of Hawaiian lavas. 
The different mechanisms that have been proposed to be sources of magnesium isotope 
fractionation: post-magmatic alteration, source heterogeneity, degree of partial melting, and 
crystallization processes. 
 
 4.6.1. Post-Magmatic Alteration 
 Post-shield lavas are erupted subaerially and are exposed on the surface. They are 
exposed to chemical weathering processes, which have been documented to alter d26Mg values 
of bulk rocks (Teng et al., 2010, Huang et al., 2012, Pogge von Strandmann et al., 2012, Liu et al., 
2014). Dissolution and sorption of magnesium from primary minerals into secondary minerals 
(e.g., bauxite, allophane) controls the direction in which magnesium isotopes fractionate during 
chemical weathering. In tropical settings, it has been shown that the sorption of magnesium 
onto bauxite leads to heavier isotopic compositions (Teng et al., 2010, Huang et al., 2012, Liu et 
al., 2014). Chemical Index of Alteration (CIA, Liu et al., 2013), is one parameter used to determine 
level of chemical weathering. Values closer to 100 mean a sample has been heavily weathered, 
with values closer to 0 indicating samples are fresh. Heavily weathered samples, with CIA values 
>98, tend to be enriched in heavier d26Mg values (Liu et al., 2014). Post-shield stage lavas from 
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Mauna Kea have CIA values that range from 26.4 to 44.5, indicating that they are weakly to 
moderately weathered (fig. 4.6a). There is no correlation between CIA and d26Mg (fig. 4.6a), 
ruling out chemical weathering influenced the measured d26Mg of Mauna Kea’s post-shield 
basalts. 
Severe chemical weathering of Hawaiian lavas is characterized by alkali metal loss, and 
K2O/P2O5 values less than 1. Fresh Hawaiian basalts have K2O/P2O5 between 1.5 and 2. Hamakua 
and Laupahoehoe samples have K2O/P2O5 = 0.48 – 2.3 and  d26Mg does not correlate with a 
decrease in K2O/P2O5, and further rules out chemical weathering processes as a contributing 
factor (Fig. 4.6b). 
 
4.6.2. Source Heterogeneity and Partial Melting 
 Source heterogeneity has been observed in a single Hawaiian volcano (e.g., Eisele et al., 
2003), and there is a notable shift to more depleted radiogenic isotopic compositions from the 
shield to the post-shield and rejuvenated stage (Chen and Frey, 1983; West et al., 1988; Chen et 
al., 1991; Xu et al., 2005, 2007; Lassiter et al., 2000; Harrison et al., 2020). A shift to more variable 
Mg isotopic compositions also occurs within the post-shield stage. Radiogenic isotope ratios, 
such as 87Sr/86Sr and 143Nd/144Nd, are valuable tracers of source heterogeneity. d26Mg values 
measured in both Hamakua and Laupahoehoe Volcanics have published radiogenic isotope data. 
There is no correlation between d26Mg and 87Sr/86Sr or 143Nd/144Nd (Fig. 4.7a and 4.7b), ruling 
out a shift in mantle source as a contributing factor to d26Mg variability. Within a single volcano, 
some trace element ratios, such as Zr/Nb and Nb/La (Huang and Frey, 2003) correlate well with 
other radiogenic isotope ratios, such as Pb. In the absence of Pb isotope data, Nb/Zr and Nb/La 
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work as good proxies. There is no correlation between d26Mg and Zr/Nb or Nb/La (Fig. 4.7c and 
4.7d), which supports the observations provided by published radiogenic isotope data. 
 The degree of partial melting may also influence the fractionation on the measured 
d26Mg. In basalts, DYb is greater than DLa, which makes the trace element ratio La/Yb a useful 
indicator for varying degrees of partial melting. Lower La/Yb ratios indicate higher degrees of 
partial melting, while higher ratios suggest lower degrees of melting. There is no good 
correlation between La/Yb and d26Mg (Fig. 4.8), which means there is likely no influence by the 
amount of melting. 
 
4.6.3. Thermodynamic Modeling with MELTS 
 We used MELTS for Excel (Gualda and Ghiorso, 2015) to investigate the evolution of 
Mauna Kea post-shield lavas. MELTS for Excel is a modeling software that calculates phase 
equilibria in magmatic systems. It is widely used in the modeling community due to its flexibility 
in input parameters that includes water content and pressure. MELTS uses the minimum Gibbs 
free energy in a system to calculate phase equilibria of both solids and liquids based on the user 
inputs for composition. Results of all MELTS models are reported in appendix C. All models are 
run using version 1.2 because this model is calibrated for crystallization at 0-2 GPa. Water content 
is added and is set to be 0.5% or 1.5% and is buffered throughout the model to stay at that 
concentration. 
 I start with a hypothetical Hamakua-like lava composition with an oxygen fugacity (fO2) 
of +2 from the quartz-fayalite-magnetite (QFM) oxygen buffer and keep the system open to 
oxygen exchange. The starting composition was re-equilibrated to the chosen oxygen fugacity 
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before finding the liquidus temperature. The true oxidation value of the magma chamber is 
unknown but is based off a slightly more oxidized value of Brounce et al., 2017 of Mauna Kea 
lavas. The crystallization history of Hamakua Volcanics occurs at too high of a MgO content for 
oxide crystallization to have a major effect, and I do not focus on the isotopic variation of these 
samples. A hypothetical post-shield stage composition is calculated based on the linear 
regression of Laupahoehoe samples, that would have been the parent composition that 
underwent high degrees of crystallization (see appendix C). The purpose of this is to represent 
the parental composition of Laupahoehoe that likely is not represented by erupted Hamakua 
compositions. This composition is brought up to its liquidus temperature. 
 Oxygen fugacity is left open to exchange and was chosen to examine the effect of Fe-Ti 
oxide crystallization on the fO2 of the system. In all models, the temperature of the system was 
dropped by 10 degrees each step. After the temperature is dropped, each phase that crystallized 
was recorded and included modal abundance and major element composition. We investigate 
several different crystallization models: fractional crystallization, batch crystallization, wall rock 
assimilation, a recharging magma chamber, and mixing back of some minerals after they have 
crystallized into the liquid. For a model to be successful, the liquid line of decent needs to match 
observed major element compositions of Laupahoehoe samples.  
Fractional crystallization: Results of the fractional crystallization model are reported in 
figure 4.9. In this model, after every 10°C drop, all crystals were removed from the system. The 
resulting residual liquid composition after the temperature drop became the new input that 
would then drop another 10 degrees. By doing this, the crystals are no longer in equilibrium with 
the liquid and it closest matches fractional crystallization. 
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Batch crystallization: Results of the batch crystallization model are reported in figure 4.10. 
In this model, after every 10°C temperature drop, the residual liquid composition was brought 
to be in chemical equilibrium with the crystals. The overall chemical effect this has on the liquid 
input to MELTS is that the starting liquid composition never changes, because any amount of an 
element is brought back into the liquid composition.  
Wall rock assimilation: Results of this model are reported in figure 4.11. In this model, I 
follow a fractional crystallization model. However, after every 10°C drop, the composition of 
BHVO-2, a well-known geochemical reference material that is a tholeiitic basalt from Kilauea 
Volcano, is added back in some proportion to the residual. The amount added at each step is ad 
hoc and varies to bring the new liquid composition closest to the values of post-shield Mauna 
Kea lavas. In some steps, some crystals are also added back to the liquid composition in an 
attempt to buffer the iron. This process is done by comparing the model data at each step with 
the geochemical data. While the actual composition of the wall rock of Mauna Kea’s magma 
chamber is unknown, this is used as the ‘average’ Hawaiian shield stage basalt that would make 
up the wall of a shallow magma chamber. 
Refreshing magma chamber: Results of this model are reported in figure 4.12. In this 
model, the mass of the crystals that are removed is replaced with new batch of the melt. The 
composition of the refreshing magma is assumed to be the same as the initial starting liquid. The 
new input liquid composition is the mass balanced composition between the residual liquid of 
the previous step and the refreshing magma. In some steps, some crystals are added back, and 
new magma is not added. Again, this process was done step-by-step to attempt to get a best fit 
to observed data. 
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Mixed batch/fractional: Results of this model are reported in figure 4.13. In this model, a 
decision is made after every 10°C temperature drop as to whether remove some percentage of 
crystals or add it back to the residual liquid. This was done ad hoc; after every temperature drop, 
the residual liquid composition was checked against the compositions of post-shield lavas. If the 
liquid composition fell out of range of post-shield stage compositions, crystals were added back 
to the liquid composition to bring the liquid back to within their range. This was done for a 
starting fO2 of -2 relative to the QFM buffer as well. 
The resulting assemblage either had crystals removed or added back to the liquid to 
match the observed geochemical trends, following the method of Zhang et al., 2018. All the 
removed crystals produce a cumulate that is consistent with modal compositions from xenoliths 
recovered in post-shield lavas (Fodor and Vandermeyden, 1988, Fodor and Galar, 1997).  
 
4.6.4. Crystallization Models 
I investigate crystallization processes as a potential process responsible for the observed 
d26Mg for the observed variations in post-shield lavas. This is because variation in measured 
d26Mg coincides with a decrease in MgO content (Fig. 4.4), an indicator of higher degrees of 
crystallization. Initial crystallization in all models is dominated by olivine and pyroxene. However, 
at higher degrees of crystallization, accessory minerals begin to crystallize. In particular, Fe-Ti 
oxides such as ilmenite, magnetite and spinel play an important role in the composition of alkalic 
basalts. The observed geochemical gap between Hamakua and Laupahoehoe samples is thought 
to have been caused by a deepening of magma chambers, leading to oxide crystallization (Frey 
et al., 1990, 1991). This model of geochemical evolution is supported by oxide-rich xenoliths 
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associated with Mauna Kea’s post-shield stage (Fodor and Vandermeyden, 1988, Fodor and 
Galar, 1997) and is confirmed by thermodynamic models using MELTS for Excel (Gualda and 
Ghiorso, 2015, fig. 4.13). Our crystallization models show that end-member type scenarios 
(batch or fractional crystallization) are poor fits for the major element data (figs. 4.9 and 4.10). 
Additionally, incorporation of wall rock material (fig. 4.11, a typical Hawaiian tholeiitic 
composition, BHVO-2) or refreshing the magma chamber with a liquid of the same starting 
composition (fig. 4.12) do not fit major element trends well. These poor fits are best explained 
as disturbances during oxide formation. Oxides can only crystallize at lower magmatic 
temperatures (<1100°C) and require enough TiO2 and Fe2+O present in the liquid. Keeping 
crystals in equilibrium with the melt (batch crystallization) suppresses these elements from 
becoming enriched in the liquid, thus preventing crystallization history to match observed 
compositions. When these crystals are completely removed each step (fractional crystallization), 
these elements are removed from the liquid too quickly, making the system unfavorable for 
them to crystallize., decreasing TiO2 and Fe2+O too rapidly. With wall rock interaction and liquid 
refreshing the magma chamber, the fO2 of the system is disturbed, and during each step oxides 
cannot properly crystallize to match the observed compositional trends. 
 The model that best matches major element observations is a mixture between batch and 
fractional crystallization (fig. 4.13). In this model, some crystals are added back after the liquid 
is cooled down 10°C, to push the liquid composition back towards the major element 
compositions. Here, the liquid composition is more directly controlled, by choosing mineral 
phases to be removed from the system, and which are incorporated back into the liquid. 
Practically, this would work as some crystals falling to the bottom of the chamber becoming part 
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of the cumulate at the bottom (fractional process). This removes some crystals from the system, 
while some remain in equilibrium with the liquid (batch process).  
 The oxidation state of the magma is a difficult variable to constrain. The initial successful 
model uses a slightly more oxidized state than what has been reported for Mauna Kea shield 
stage lavas (Brounce et al., 2017). What if the system was far more reduced? Lavas from Mauna 
Loa Volcano are thought to be far more reduced, around the iron-wüstite buffer (Rhodes and 
Vollinger, 2005). I also explore this possibility by changing the starting fO2 to -2 log units from 
QFM (Fig. 4.13).  The starting oxidation state of the magma ends up not playing a significant role 
in the crystallization history of the magma, as this model also reproduces the major element 
trends of Laupahoehoe samples. The final crystalline assemblage (the crystals removed during 
the modeling) of the two models differ, yet it has the same overall effect on the chemical 
composition. Additionally, both crystalline assemblages have modal abundances that are very 
similar to xenoliths reported with Mauna Kea’s post-shield stage (Fodor and Vandermeyden, 
1988, Fodor and Galar, 1997). This shows that there can be varying initial fO2 conditions, but the 
result on the measured whole rock composition is the same. 
 
4.6.5. Ab Initio Calculations   
Here, I focus on previously published ab initio calculations for pyroxene (Huang et al., 
2013) and new, unpublished calculations for ilmenite, magnetite, and spinel (Fig. 4.5). These 
mineral phases are present in the mineral assemblage of post-shield basalts (West et al., 1988; 
Frey et al., 1990). New ab-initio calculations (W. Wang, personal communication, table 4.3) for 
inter-mineral fractionation between olivine and accessory minerals ilmenite, magnetite, and 
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spinel are at 0, 5 and 10 GPa. Ilmenite and spinel, at temperatures between 902-1137°C, is 
isotopically lighter than olivine by -0.10 to -0.14 ‰and spinel is -0.49 to -0.70 ‰ (average -0.59, 
while magnetite is heavier than olivine at the same temperature range, by +0.21-0.25 ‰ (fig. 
4.5). It is assumed that the crystallization of olivine has no measurable effect on the d26Mg of 
the cooling magma (Teng et al., 2007) and all inter-mineral fractionation factors between a phase 
and olivine can be considered as directly effecting the d26Mg of the magma. When plotted with 
the MgO (wt%) of these mineral phases, they form an area that encapsulate the measured d26Mg 
data for post-shield lavas (fig. 4.14). 
 
 4.6.6. Isotopic Fractionation Model 
 With modal abundances and chemical compositions of phases from MELTS models and 
additional information from ab initio calculations, it is possible to also model the fractionation 
effect of crystallization (see equation 12 of Zhang, et al., 2018). I assume the starting isotopic 
composition of the melt is equal to that of the mantle, -0.25 ‰. From there the liquid isotopic 
composition is calculated with each step. There is one difference between this isotopic model 
and the one of Zhang et al., 2018: in this model, the initial liquid composition is buffered at the 
mantle value, -0.25 ‰. Using the results from the successful batch/fractional MELTS models (fig. 
4.13), I calculate the isotopic composition of the residual liquid after each step that lowers the 
temperature. I apply this calculation to both the more oxidized (+2 QFM) and more reduced (-2 
QFM) starting conditions. Results of these calculations are reported in figure 4.15. Both models 
successfully reproduce the isotopic compositions of Laupahoehoe samples.  
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As previously mentioned, the final fractionated crystalline assemblage matches modal 
abundances of post-shield stage xenoliths. Fractionation of magnetite and spinel can account for 
the isotopically lighter Laupahoehoe samples. Even though the modal abundance of oxide 
minerals is low (<20%), it is possible that their crystallization can have such a strong effect. This 
effect is reflected by the calculated liquid density from MELTS for Excel. Laupahoehoe samples 
have a lower liquid density and form a negative correlation with d26Mg and supports the general 
geologic model for Mauna Kea’s post-shield stages (Fig. 4.16, Frey et al., 1990). 
This fractionation is enhanced by two factors: the low liquid fraction remaining, and the 
low MgO content of that liquid. Spinel and magnetite all crystallize at low liquid fractions that 
have low MgO content, which means that the total amount of magnesium atoms remaining is 
far less than a more mafic, and more voluminous, melt. This likely has an amplified effect on the 
fractionation of magnesium isotopes because there is significantly less liquid and magnesium 
available to be incorporated into crystal structures. This process can effectively fractionate 
stable isotopes of magnesium from the liquid, resulting in d26Mg of the remaining liquid 
controlled by the crystallization of oxides. 
  
4.7. Conclusions 
 I present stable magnesium isotope measurements of Mauna Kea’s shield and post-shield 
stage lavas. The measured values vary to values that are both lighter and heavier than the 
assumed mantle value. The progression from shield to post-shield stage involves the deepening 
of magma chambers coinciding with a decrease in magma supply and a shift to more depleted 
radiogenic isotope ratios. The measured variations in d26Mg do not coincide with radiogenic 
102 
 
isotope ratios of Sr or Nd indicating the variations are not related to a shift to different mantle 
sources in the Hawaiian plume. They also do not correlate with indices of post-magmatic 
alteration like chemical weathering. Increased d26Mg variation occurs as MgO content decreases, 
which is a function of crystallization. New ab initio calculations indicate that Fe-Ti oxide minerals, 
magnetite and spinel, can significantly fractionate stable isotopes of Mg. I model the 
crystallization history of Mauna Kea’s post-shield to investigate the effects it may have on Mg 
isotopes. By combining successful thermodynamic MELTS models with ab initio calculations, I 
find that the isotopic variation in Mg isotopes is caused by the crystallization of magnetite and 
spinel in the waning of Mauna Kea’s magma chambers. This shows that fractional crystallization 
of oxides can fractionate stable isotopes of magnesium. This finding is significant as it can be an 
indicator of whether oxide minerals crystallized out of a melt by seeing the corresponding d26Mg 




Table 4.1 – Major and trace elements measured by ICP-MS for this study. 
 
 
Sample Al2O3 (wt %) CaO (wt %) Fe2O3 T (wt %) K2O (wt %) MgO (wt %) Na2O (wt %) P2O5 (wt %) TiO2 (wt %) MnO (wt %) 
H-14 14.3 11.1 15.5 0.79 5.62 2.94 0.46 3.67 0.21 
H-2 14.7 11.7 13.7 0.86 5.65 2.68 0.39 3.16 0.19 
H-10 12.2 11.7 12.0 0.57 6.67 2.12 0.29 2.56 0.17 
H-9 13.5 13.0 12.2 0.57 7.69 2.28 0.28 2.48 0.17 
65-3 12.1 10.4 11.4 0.57 6.02 2.23 0.27 2.76 0.16 
65-4 14.1 10.9 14.1 0.97 5.51 2.93 0.42 3.43 0.19 
H-13 14.5 11.5 13.6 0.73 5.33 2.77 0.38 3.14 0.18 
H-15 14.2 11.0 14.7 0.93 5.60 3.01 0.43 3.65 0.20 
H-8 12.7 12.8 12.7 0.61 8.11 2.08 0.30 2.60 0.18 
H-6 15.4 12.3 14.6 1.07 6.29 3.31 0.51 3.59 0.19 
65-1 9.25 10.1 13.3 0.39 15.4 1.57 0.21 1.83 0.18 
MU-14 15.5 10.7 15.4 0.23 6.22 2.65 0.37 3.42 0.21 
H-16 14.0 11.3 14.6 0.78 5.76 2.78 0.41 3.43 0.20 
MU-13 14.8 11.1 14.3 0.23 5.92 2.64 0.34 3.16 0.19 
MK-17B 14.0 10.1 15.4 1.17 4.92 3.22 0.71 3.80 0.22 
H-7 14.0 12.2 12.6 0.66 6.96 2.43 0.31 2.74 0.18 
H-4 13.4 13.2 14.5 0.69 10.2 2.19 0.32 2.80 0.20 
MU-15 14.7 12.0 14.7 0.21 6.78 2.49 0.35 3.29 0.20 
MU-2 16.9 14.0 15.1 0.25 7.57 2.63 0.30 2.92 0.21 
MU-2 15.3 12.1 13.3 0.22 6.45 2.33 0.27 2.59 0.19 
MU-8 12.7 11.5 13.9 0.20 9.24 1.75 0.28 2.70 0.19 
LP-2 14.9 11.1 14.4 0.19 6.59 2.39 0.34 3.16 0.19 
LP-4 10.4 10.9 12.8 0.48 12.6 1.83 0.26 2.26 0.18 
KM-6 17.0 7.13 11.4 1.83 3.91 4.67 0.82 2.60 0.21 
LP-7 13.0 9.46 13.5 1.07 7.43 3.05 0.50 3.01 0.18 
LP-1 13.9 10.5 14.1 0.55 8.53 2.67 0.49 3.21 0.20 
LP-11 13.8 10.5 13.6 0.64 6.14 2.58 0.35 3.01 0.19 
MU-13 15.3 11.0 14.8 0.23 6.13 2.69 0.35 3.31 0.20 
LP-3 13.8 11.0 13.2 0.57 6.77 2.33 0.31 2.94 0.18 
MU-14 15.2 10.0 15.0 0.22 6.19 2.56 0.34 3.35 0.20 
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Table 4.1 continued. 
 
 
Sample Al2O3 (wt %) CaO (wt %) Fe2O3 T (wt %) K2O (wt %) MgO (wt %) Na2O (wt %) P2O5 (wt %) TiO2 (wt %) MnO (wt %) 
H-18 17.5 7.70 12.0 1.82 3.91 4.71 0.84 2.89 0.21 
LOF 17.9 7.70 12.0 1.90 4.28 4.85 0.88 2.90 0.21 
81-32 17.4 7.39 11.9 1.90 4.14 4.77 0.86 2.73 0.22 
PH-1 17.5 7.45 12.1 1.84 4.25 4.80 0.81 2.82 0.22 
NO-10 17.2 5.27 9.57 2.54 2.72 5.56 1.10 1.55 0.23 
75-2 17.5 7.61 12.2 1.79 4.31 4.62 0.84 2.88 0.22 
101-3 17.1 7.30 11.8 1.86 3.94 4.74 0.87 2.70 0.22 
ML-4 17.2 6.53 11.3 2.20 3.30 5.20 1.38 2.21 0.22 
ML-3 17.2 6.33 10.9 2.07 3.32 4.79 1.13 2.21 0.23 
ML-8 16.6 6.14 10.2 2.03 3.01 4.91 1.13 2.00 0.22 
ML-12 17.2 6.20 10.0 2.06 3.16 5.00 1.09 2.13 0.21 
MK-6 17.3 7.07 11.2 2.12 3.54 5.11 1.39 2.41 0.22 
MH-2 17.8 6.67 10.5 2.25 3.13 5.40 1.24 2.07 0.23 
MI-4 17.5 6.38 10.3 2.15 3.01 5.00 1.28 2.02 0.22 
MI-1 17.1 6.27 10.0 2.21 2.94 5.28 1.23 1.98 0.22 
MH-1 17.4 6.75 10.4 2.15 3.26 5.32 1.13 2.25 0.22 
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Table 4.1 continued. 
Sample Sc (ppm) V (ppm) Cr (ppm) Co (ppm) Ni (ppm) Cu (ppm) Zn (ppm) Ge (ppm) Rb (ppm) 
H-14 30.02 398.59 24.83 92.54 46.57 67.85 137.9 1.59 8.81 
H-2 28.38 333.21 86.02 56.51 75.17 111.0 120.5 1.44 15.2 
H-10 33.25 314.46 357.4 58.34 112.9 71.02 95.31 1.26 9.11 
H-9 35.78 322.22 399.0 60.76 122.9 63.43 95.14 1.44 8.63 
65-3 28.65 318.50 217.3 49.82 87.49 82.25 93.87 1.38 8.33 
65-4 28.96 386.40 49.20 45.84 58.40 101.5 119.6 1.84 16.1 
H-13 29.69 346.11 33.01 86.69 64.26 96.07 116.7 1.83 6.57 
H-15 29.99 386.18 42.43 105.43 58.87 95.50 124.2 2.10 13.4 
H-8 35.26 319.71 446.5 72.76 135.3 96.63 101.6 1.83 10.5 
H-6 29.26 354.20 67.10 56.22 85.79 56.87 136.0 2.15 17.9 
65-1 30.33 250.36 1497 79.65 603.9 72.60 99.01 1.71 5.80 
MU-14 33.64 337.69 59.25 52.94 72.27 91.80 136.7 2.05 0.840 
H-16 30.21 386.58 29.53 76.73 60.55 103.1 124.1 1.86 9.20 
MU-13 31.58 324.14 45.80 49.08 64.78 84.99 126.1 1.73 0.700 
MK-17B 27.12 364.53 19.89 61.41 27.95 42.83 143.4 1.93 18.7 
H-7 31.53 314.64 349.3 59.14 115.8 101.6 103.3 1.46 10.7 
H-4 36.99 340.08 661.2 72.20 240.8 102.1 113.5 1.61 11.6 
MU-15 33.79 376.90 61.83 52.74 89.34 106.9 131.8 1.67 0.660 
MU-2 36.24 353.43 66.90 56.53 64.89 57.50 124.6 1.71 1.76 
MU-2 32.75 307.69 63.07 50.69 58.21 52.05 110.7 1.53 1.50 
MU-8 37.12 325.86 767.9 62.19 265.9 102.8 116.6 1.60 0.690 
LP-2 32.54 330.06 74.44 51.06 79.78 102.6 119.6 1.77 0.450 
LP-4 31.92 265.11 1003 68.94 434.9 75.09 95.52 1.61 7.05 
KM-6 10.58 98.740 0.5400 15.84 1.670 0.9100 123.8 1.92 34.1 
LP-7 26.92 254.93 284.6 49.61 165.1 87.88 124.2 1.83 17.0 
LP-1 29.20 286.08 361.2 55.27 196.7 83.76 135.5 1.93 5.48 
LP-11 30.47 314.45 57.02 47.43 66.13 91.22 116.8 1.68 10.8 
MU-13 32.78 336.27 49.01 51.65 68.33 89.53 130.5 1.88 0.730 
LP-3 32.19 309.12 213.1 47.38 90.43 81.82 119.8 1.67 9.48 




Table 4.1 continued. 
Sample Sc (ppm) V (ppm) Cr (ppm) Co (ppm) Ni (ppm) Cu (ppm) Zn (ppm) Ge (ppm) Rb (ppm) 
H-18 11.9 117.1 8.30 34.65 5.98 3.73 122.15 1.98 32.98 
LOF 11.8 114.1 6.46 56.00 6.32 2.58 121.98 2.07 34.58 
81-32 11.1 105.3 1.93 16.85 1.15 1.00 129.36 2.02 34.78 
PH-1 11.6 113.1 2.18 17.66 1.35 1.39 128.04 1.99 33.16 
NO-10 7.75 24.65 13.29 10.97 15.9 1.27 140.66 1.87 55.80 
75-2 11.7 115.9 5.00 18.26 3.05 1.65 129.27 1.96 32.94 
101-3 10.4 98.63 0.88 16.43 1.59 1.00 129.68 1.80 35.21 
ML-4 10.1 52.44 2.35 22.37 4.10 1.91 142.89 2.17 44.87 
ML-3 9.06 56.99 2.32 22.85 2.84 1.68 147.87 1.87 41.72 
ML-8 8.05 47.30 1.92 29.34 1.80 0.89 137.50 2.08 34.48 
ML-12 8.80 57.66 3.22 23.37 4.65 2.12 153.00 2.02 39.33 
MK-6 9.17 67.33 1.22 31.87 2.49 1.39 137.63 2.22 38.61 
MH-2 8.61 57.68 1.74 20.00 3.00 0.95 129.65 1.97 41.65 
MI-4 8.94 43.04 3.68 47.57 5.15 2.00 143.87 2.15 44.74 
MI-1 8.79 43.95 6.00 24.44 5.74 2.08 143.27 2.06 45.58 
MH-1 32.1 332.5 305.08 46.54 125.9 133 117.41 1.54 9.380 
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Table 4.1 continued. 
Sample Sr (ppm) Y (ppm) Zr (ppm) Nb (ppm) Mo (ppm) Ba (ppm) La (ppm) Ce (ppm) Pr (ppm) 
H-14 572.1 38.86 262.35 30.56 2.11 288.47 25.38 58.85 8.37 
H-2 562.2 33.85 230.74 27.05 1.53 248.08 23.73 53.69 7.60 
H-10 390.3 27.22 167.01 17.85 1.20 155.47 15.14 36.56 5.28 
H-9 451.0 26.99 160.38 16.97 1.13 154.37 14.57 35.26 5.15 
65-3 456.5 26.56 164.47 17.96 1.10 166.28 15.10 36.21 5.23 
65-4 576.1 35.28 233.34 30.69 1.47 308.97 24.83 56.89 7.83 
H-13 554.4 34.57 229.64 26.01 1.73 248.62 22.01 51.67 7.36 
H-15 588.7 37.17 246.19 31.75 1.74 314.18 25.68 58.87 8.21 
H-8 427.4 29.08 174.96 18.62 1.37 165.98 15.92 38.75 5.59 
H-6 674.1 35.81 280.69 32.93 1.68 306.08 28.58 66.65 9.33 
65-1 289.2 22.12 122.94 12.53 0.60 120.78 11.47 27.07 4.03 
MU-14 433.4 42.14 255.38 23.64 0.86 160.80 21.15 49.04 7.33 
H-16 561.7 35.32 230.46 26.85 1.55 249.19 22.68 52.44 7.44 
MU-13 442.0 38.52 231.77 21.28 0.86 151.70 19.12 44.94 6.68 
MK-17B 603.9 45.23 331.14 37.96 2.16 343.18 33.33 78.94 10.9 
H-7 471.9 29.59 181.26 19.36 1.31 175.37 16.52 39.74 5.77 
H-4 450.2 31.15 187.34 19.38 1.18 179.71 16.92 40.75 5.89 
MU-15 439.4 38.85 217.70 20.39 0.83 153.56 17.64 43.60 6.52 
MU-2 506.4 34.85 187.31 16.18 0.72 134.93 14.59 35.84 5.38 
MU-2 446.6 30.89 165.39 14.22 0.67 117.24 12.73 31.47 4.70 
MU-8 365.8 31.44 170.22 16.34 0.50 141.40 14.74 34.46 5.18 
LP-2 443.0 35.65 202.10 17.61 0.78 139.49 15.87 38.12 5.79 
LP-4 353.6 23.97 151.11 15.93 0.78 145.24 13.69 32.84 4.78 
KM-6 1186 49.00 429.79 57.39 1.97 581.87 47.29 109.62 15.0 
LP-7 473.4 43.65 318.71 30.25 1.42 274.87 27.77 65.75 9.33 
LP-1 570.9 44.66 325.72 31.12 0.98 286.23 28.17 66.71 9.46 
LP-11 410.2 34.63 198.78 17.41 0.95 154.90 15.45 38.04 5.65 
MU-13 448.1 39.83 239.62 22.10 0.90 155.32 19.58 46.33 6.81 
LP-3 396.9 32.93 187.62 16.23 0.94 155.66 14.52 35.38 5.32 




Table 4.1 continued. 
 
Sample Sr (ppm) Y (ppm) Zr (ppm) Nb (ppm) Mo (ppm) Ba (ppm) La (ppm) Ce (ppm) Pr (ppm) 
H-18 1226 50.53 434.66 56.80 2.63 568.91 47.08 108.51 15.03 
LOF 1247 51.23 451.70 58.73 2.79 590.17 47.78 111.57 15.39 
81-32 1204 50.37 446.23 59.40 1.66 597.22 48.48 112.79 15.44 
PH-1 1212 48.77 427.40 57.51 2.76 577.08 46.45 107.94 14.77 
NO-10 949.6 55.77 718.53 78.88 3.20 753.93 75.36 162.14 21.43 
75-2 1230 49.18 423.72 57.07 1.89 575.95 45.76 107.81 14.72 
101-3 1213 50.15 445.58 59.39 2.02 589.09 48.45 112.47 15.38 
ML-4 1048 58.69 610.31 72.77 3.03 680.88 68.21 150.72 20.79 
ML-3 1187 54.43 523.73 71.12 3.04 680.00 68.23 128.42 18.03 
ML-8 1133 53.74 535.38 71.50 2.38 692.11 60.87 132.82 18.47 
ML-12 1109 55.71 578.25 71.95 2.96 775.48 61.10 132.85 18.40 
MK-6 1174 59.32 544.04 70.36 2.73 667.99 63.02 140.78 19.81 
MH-2 1160 56.05 541.16 70.20 3.10 657.69 59.50 133.78 18.46 
MI-4 1154 60.63 631.65 77.96 4.06 718.91 68.65 150.93 20.76 
MI-1 1176 62.54 655.94 80.52 2.81 728.57 70.95 154.44 21.26 




Table 4.1 continued. 
Sample Sr (ppm) Y (ppm) Zr (ppm) Nb (ppm) Mo (ppm) Ba (ppm) La (ppm) Ce (ppm) Pr (ppm) 
H-14 572.10 38.86 262.35 30.56 2.11 288.47 25.38 58.85 8.37 
H-2 562.24 33.85 230.74 27.05 1.53 248.08 23.73 53.69 7.60 
H-10 390.30 27.22 167.01 17.85 1.20 155.47 15.14 36.56 5.28 
H-9 450.95 26.99 160.38 16.97 1.13 154.37 14.57 35.26 5.15 
65-3 456.53 26.56 164.47 17.96 1.10 166.28 15.10 36.21 5.23 
65-4 576.10 35.28 233.34 30.69 1.47 308.97 24.83 56.89 7.83 
H-13 554.35 34.57 229.64 26.01 1.73 248.62 22.01 51.67 7.36 
H-15 588.74 37.17 246.19 31.75 1.74 314.18 25.68 58.87 8.21 
H-8 427.42 29.08 174.96 18.62 1.37 165.98 15.92 38.75 5.59 
H-6 674.05 35.81 280.69 32.93 1.68 306.08 28.58 66.65 9.33 
65-1 289.23 22.12 122.94 12.53 0.60 120.78 11.47 27.07 4.03 
MU-14 433.35 42.14 255.38 23.64 0.86 160.80 21.15 49.04 7.33 
H-16 561.74 35.32 230.46 26.85 1.55 249.19 22.68 52.44 7.44 
MU-13 441.99 38.52 231.77 21.28 0.86 151.70 19.12 44.94 6.68 
MK-17B 603.92 45.23 331.14 37.96 2.16 343.18 33.33 78.94 10.89 
H-7 471.86 29.59 181.26 19.36 1.31 175.37 16.52 39.74 5.77 
H-4 450.24 31.15 187.34 19.38 1.18 179.71 16.92 40.75 5.89 
MU-15 439.35 38.85 217.70 20.39 0.83 153.56 17.64 43.60 6.52 
MU-2 506.42 34.85 187.31 16.18 0.72 134.93 14.59 35.84 5.38 
MU-2 446.55 30.89 165.39 14.22 0.67 117.24 12.73 31.47 4.70 
MU-8 365.82 31.44 170.22 16.34 0.50 141.40 14.74 34.46 5.18 
LP-2 442.99 35.65 202.10 17.61 0.78 139.49 15.87 38.12 5.79 
LP-4 353.64 23.97 151.11 15.93 0.78 145.24 13.69 32.84 4.78 
KM-6 1186.47 49.00 429.79 57.39 1.97 581.87 47.29 109.62 15.03 
LP-7 473.44 43.65 318.71 30.25 1.42 274.87 27.77 65.75 9.33 
LP-1 570.94 44.66 325.72 31.12 0.98 286.23 28.17 66.71 9.46 
LP-11 410.19 34.63 198.78 17.41 0.95 154.90 15.45 38.04 5.65 
MU-13 448.14 39.83 239.62 22.10 0.90 155.32 19.58 46.33 6.81 
LP-3 396.89 32.93 187.62 16.23 0.94 155.66 14.52 35.38 5.32 




Table 4.1 continued. 
 
Sample Sr (ppm) Y (ppm) Zr (ppm) Nb (ppm) Mo (ppm) Ba (ppm) La (ppm) Ce (ppm) Pr (ppm) 
H-18 1226.50 50.53 434.66 56.80 2.63 568.91 47.08 108.51 15.03 
LOF 1247.14 51.23 451.70 58.73 2.79 590.17 47.78 111.57 15.39 
81-32 1204.84 50.37 446.23 59.40 1.66 597.22 48.48 112.79 15.44 
PH-1 1212.24 48.77 427.40 57.51 2.76 577.08 46.45 107.94 14.77 
NO-10 949.65 55.77 718.53 78.88 3.20 753.93 75.36 162.14 21.43 
75-2 1230.22 49.18 423.72 57.07 1.89 575.95 45.76 107.81 14.72 
101-3 1213.78 50.15 445.58 59.39 2.02 589.09 48.45 112.47 15.38 
ML-4 1048.85 58.69 610.31 72.77 3.03 680.88 68.21 150.72 20.79 
ML-3 1187.98 54.43 523.73 71.12 3.04 680.00 68.23 128.42 18.03 
ML-8 1133.42 53.74 535.38 71.50 2.38 692.11 60.87 132.82 18.47 
ML-12 1109.26 55.71 578.25 71.95 2.96 775.48 61.10 132.85 18.40 
MK-6 1174.72 59.32 544.04 70.36 2.73 667.99 63.02 140.78 19.81 
MH-2 1160.65 56.05 541.16 70.20 3.10 657.69 59.50 133.78 18.46 
MI-4 1154.96 60.63 631.65 77.96 4.06 718.91 68.65 150.93 20.76 
MI-1 1176.58 62.54 655.94 80.52 2.81 728.57 70.95 154.44 21.26 
MH-1 404.01 28.33 173.12 18.95 3.62 131.58 14.91 36.60 5.27 
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Table 4.1 continued. 
Sample Nd (ppm) Sm (ppm) Eu (ppm) Gd (ppm) Tb (ppm) Dy (ppm) Ho (ppm) Er (ppm) Tm (ppm) 
H-14 36.48 9.07 2.85 8.68 1.31 7.14 1.35 3.42 0.49 
H-2 33.32 8.22 2.58 7.74 1.18 6.34 1.19 3.00 0.43 
H-10 23.64 6.24 1.98 6.04 0.92 5.14 0.94 2.40 0.34 
H-9 23.23 6.14 1.98 5.94 0.92 5.08 0.95 2.40 0.33 
65-3 23.46 6.15 1.96 5.88 0.90 4.93 0.94 2.36 0.34 
65-4 34.32 8.52 2.63 8.02 1.22 6.57 1.24 3.13 0.45 
H-13 32.53 8.23 2.57 7.69 1.18 6.46 1.22 3.08 0.44 
H-15 35.97 8.97 2.80 8.44 1.25 7.07 1.30 3.31 0.46 
H-8 25.10 6.61 2.10 6.40 0.99 5.51 1.04 2.58 0.37 
H-6 40.21 9.87 3.04 8.94 1.31 6.97 1.25 3.11 0.43 
65-1 18.17 4.84 1.52 4.71 0.74 4.16 0.78 1.94 0.28 
MU-14 33.40 8.99 2.88 8.84 1.39 7.76 1.47 3.69 0.53 
H-16 32.74 8.31 2.62 7.82 1.19 6.56 1.24 3.12 0.44 
MU-13 30.47 8.19 2.61 8.10 1.27 7.16 1.35 3.40 0.48 
MK-17B 47.44 11.48 3.45 10.59 1.59 8.61 1.59 4.00 0.56 
H-7 25.86 6.65 2.15 6.47 1.01 5.60 1.04 2.65 0.38 
H-4 26.81 6.96 2.25 6.79 1.05 5.85 1.09 2.76 0.40 
MU-15 29.91 8.21 2.66 8.17 1.29 7.19 1.34 3.44 0.49 
MU-2 25.08 7.01 2.38 7.23 1.13 6.40 1.21 3.09 0.44 
MU-2 22.66 6.12 2.15 6.56 1.02 5.70 1.08 2.72 0.38 
MU-8 24.72 6.55 2.21 6.84 1.06 5.84 1.11 2.72 0.39 
LP-2 27.62 7.41 2.51 7.60 1.17 6.62 1.25 3.11 0.45 
LP-4 22.17 5.54 1.82 5.55 0.84 4.57 0.86 2.13 0.30 
KM-6 65.94 14.37 4.52 12.94 1.81 9.55 1.73 4.29 0.61 
LP-7 42.86 10.57 3.33 10.18 1.54 8.39 1.58 3.92 0.55 
LP-1 43.35 10.67 3.37 10.41 1.57 8.51 1.62 3.96 0.57 
LP-11 26.99 7.22 2.42 7.35 1.15 6.33 1.21 3.03 0.43 
MU-13 32.04 8.33 2.81 8.52 1.33 7.38 1.39 3.46 0.49 
LP-3 25.53 6.90 2.31 7.12 1.09 6.16 1.16 2.90 0.41 




Table 4.1 continued. 
 
Sample Nd (ppm) Sm (ppm) Eu (ppm) Gd (ppm) Tb (ppm) Dy (ppm) Ho (ppm) Er (ppm) Tm (ppm) 
H-18 66.22 14.63 4.63 13.22 1.86 9.74 1.78 4.40 0.62 
LOF 67.49 14.81 4.70 13.38 1.88 9.74 1.79 4.41 0.62 
81-32 67.55 14.74 4.64 13.30 1.88 9.71 1.81 4.41 0.62 
PH-1 64.59 14.10 4.47 12.79 1.81 9.36 1.73 4.28 0.60 
NO-10 87.01 17.03 5.02 14.47 2.00 10.4 1.93 4.94 0.73 
75-2 64.64 14.31 4.54 12.87 1.81 9.58 1.72 4.33 0.59 
101-3 67.84 14.73 4.64 13.29 1.89 9.76 1.78 4.41 0.61 
ML-4 86.25 17.74 5.37 15.67 2.15 11.0 2.02 5.04 0.74 
ML-3 75.46 16.10 4.95 14.31 2.00 10.3 1.92 4.70 0.68 
ML-8 76.85 16.10 5.02 14.53 2.00 10.2 1.86 4.65 0.67 
ML-12 76.63 15.92 4.96 14.24 2.00 10.3 1.90 4.81 0.69 
MK-6 83.43 17.85 5.59 15.94 2.19 11.2 2.02 5.14 0.72 
MH-2 78.32 16.60 5.04 14.48 2.07 10.6 1.90 4.87 0.72 
MI-4 86.01 17.77 5.39 15.49 2.17 11.3 2.05 5.16 0.77 
MI-1 88.10 18.37 5.50 15.87 2.25 11.7 2.13 5.36 0.81 
MH-1 24.15 5.98 2.05 6.170 0.94 5.18 0.97 2.50 0.37 
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Table 4.1 continued. 
Sample Yb (ppm) Lu (ppm) Hf (ppm) Ta (ppm) Pb (ppm) Th (ppm) U (ppm) 
H-14 2.64 0.37 6.44 4.14 1.76 1.95 0.67 
H-2 2.29 0.32 5.62 2.10 1.51 1.81 0.63 
H-10 1.88 0.26 4.22 2.06 0.98 1.10 0.37 
H-9 1.89 0.26 4.12 2.24 0.94 1.08 0.35 
65-3 1.85 0.25 4.18 1.71 1.03 1.11 0.38 
65-4 2.46 0.34 5.83 1.90 1.58 1.97 0.61 
H-13 2.43 0.34 5.69 3.11 1.48 1.76 0.53 
H-15 2.60 0.36 6.15 2.63 2.07 2.07 0.58 
H-8 2.00 0.28 4.44 2.80 1.06 1.18 0.38 
H-6 2.36 0.32 6.83 2.38 1.79 2.20 0.61 
65-1 1.54 0.22 3.23 0.81 0.79 0.83 0.26 
MU-14 2.86 0.40 6.42 1.48 1.38 1.61 0.41 
H-16 2.45 0.34 5.79 2.40 1.83 1.70 0.47 
MU-13 2.65 0.37 5.80 1.33 1.23 1.46 0.23 
MK-17B 3.08 0.43 8.07 3.00 2.79 2.57 0.76 
H-7 2.05 0.29 4.71 2.27 1.08 1.23 0.35 
H-4 2.17 0.30 4.86 1.70 1.10 1.28 0.38 
MU-15 2.63 0.36 5.64 1.29 1.18 1.35 0.23 
MU-2 2.44 0.34 4.79 1.02 1.55 1.05 0.17 
MU-2 2.13 0.30 4.20 0.91 1.36 0.93 0.19 
MU-8 2.10 0.30 4.36 1.07 0.98 1.07 0.27 
LP-2 2.48 0.34 5.02 1.11 1.13 1.12 0.28 
LP-4 1.64 0.23 3.80 1.02 0.95 1.05 0.31 
KM-6 3.30 0.47 9.67 3.50 3.00 3.66 1.13 
LP-7 2.98 0.42 7.75 1.94 1.79 2.38 0.74 
LP-1 3.09 0.43 7.91 1.98 1.98 2.42 0.64 
LP-11 2.37 0.33 4.93 1.13 1.09 1.11 0.36 
MU-13 2.75 0.38 5.91 1.42 1.27 1.48 0.24 
LP-3 2.28 0.32 4.65 1.05 1.02 1.01 0.33 
MU-14 2.76 0.38 6.01 1.43 1.31 1.52 0.38 
114 
 
Table 4.1 continued. 
 
Sample Yb (ppm) Lu (ppm) Hf (ppm) Ta (ppm) Pb (ppm) Th (ppm) U (ppm) 
H-18 3.34 0.46 9.68 4.31 3.44 3.56 1.13 
LOF 3.37 0.48 9.99 5.06 2.96 3.74 1.16 
81-32 3.34 0.47 9.89 3.64 3.01 3.79 1.15 
PH-1 3.27 0.46 9.53 3.51 2.91 3.62 1.06 
NO-10 4.06 0.59 15.54 5.04 5.10 6.56 1.98 
75-2 3.25 0.45 9.34 3.52 2.89 3.53 1.08 
101-3 3.35 0.47 9.98 3.67 3.02 3.77 1.25 
ML-4 4.07 0.57 13.45 4.93 4.06 5.39 1.68 
ML-3 3.75 0.51 11.39 4.73 3.44 4.56 1.46 
ML-8 3.71 0.52 11.60 5.19 3.12 4.71 1.50 
ML-12 3.90 0.55 12.70 4.88 3.91 5.06 1.62 
MK-6 4.01 0.56 11.97 6.33 3.50 4.60 1.42 
MH-2 3.83 0.55 11.89 5.42 3.68 4.59 1.49 
MI-4 4.10 0.59 13.79 6.42 4.37 5.52 1.74 
MI-1 4.30 0.62 14.25 5.46 4.39 5.69 1.82 




Table 4.2 – d26Mg values for Mauna Kea shield and post shield lavas. 
Sample d26Mg (DSM3) 2SD (std) 
H-14 -0.32 0.06 
H-2 -0.19 0.06 
H-10 -0.30 0.07 
H-9 -0.33 0.06 
65-3 -0.24 0.07 
65-4 -0.32 0.06 
H-13 -0.37 0.06 
H-15 -0.32 0.06 
H-8 -0.17 0.06 
H-6 -0.36 0.07 
65-1 -0.25 0.07 
MU-14 -0.16 0.07 
H-16 -0.10 0.06 
MU-13 -0.20 0.07 
MK-17B -0.25 0.07 
H-7 -0.35 0.06 
H-4 -0.28 0.06 
MU-15 -0.24 0.07 
MU-2 -0.36 0.07 
MU-8 -0.14 0.07 
LP-2 -0.09 0.06 
LP-4 -0.29 0.06 
KM-6 -0.33 0.06 
LP-7 -0.33 0.06 
LP-1 -0.27 0.06 
LP-11 -0.18 0.06 
MU-13 -0.20 0.07 
LP-3 -0.23 0.06 
MU-14 -0.16 0.07 
MU 4 -0.23 0.06 
MU 6 -0.25 0.07 
MU 7 -0.23 0.07 
MU 9 -0.23 0.07 
MU 10 -0.26 0.07 
MU 17 -0.29 0.07 
LP 10 -0.21 0.07 
LP 8 -0.23 0.06 
LP 9 -0.28 0.07 
LP 6 -0.23 0.06 
KI 1 -0.22 0.06 
KI 2 -0.28 0.07 
KI 4 -0.38 0.06 





Sample d26Mg (DSM3) 2SD (std) 
KI 12 -0.25 0.07 
 R121 4.4-6.9 -0.22 0.09  
 R124 3.9-4.5 -0.22 0.01  
 R125 6.8-7.05 -0.24 0.10  
 R127 5.94-6.55 -0.25 0.08  
 R129 5.2-6.25 -0.31 0.02  
 R131 6.97-7.9 -0.22 0.02  
 R133 9.5-10.1 -0.28 0.11  
 R137 5.98-6.67 -0.27 0.06  
 R141 7.9-8.5 -0.21 0.03  
 R148 8.9-9.7 -0.24 0.10  
 R157 7.35-8.0 -0.27 0.08  
 R167 5.9-6.35 -0.23 0.07  
 R175 5.25-6.8 -0.30 0.10  
MH-1 -0.26 0.07 
H-18 -0.31 0.06 
LOF -0.32 0.06 
81-32 -0.33 0.06 
PH-1 -0.34 0.07 
NO-10 -0.35 0.06 
75-2 -0.39 0.07 
101-3 -0.27 0.07 
ML-4 -0.26 0.07 
ML-3 -0.26 0.07 
ML-8 -0.27 0.07 
ML-12 -0.24 0.07 
MK-6 -0.31 0.07 
MH-2 -0.29 0.07 
MI-3 -0.27 0.07 
MI-4 -0.26 0.07 
MI-1 -0.25 0.07 
R184 3.3-3.85 -0.25 0.10  
 R401 2.85-3.45 -0.26 0.03  
 R423 4.35-5 -0.21 0.06  
 R431 8.95-9.8 -0.27 0.05  
 R441 9.1-10 -0.17 0.06  
 R450 3.55-4.5 -0.27 0.07  
 R455 8.2-9 -0.29 0.07  
 R472 wr -0.17 0.04  
 R490 1.2-2.5 wr -0.21 0.04  
 R502 4.85-5.55 -0.27 0.02  
 R518  -0.25 0.02  
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Table 4.2 continued. 
Sample d26Mg (DSM3) 2SD (std) 
 R531 4.4-5.1 -0.22 0.11  
 R545 8.35-9 -0.24 0.05  
 R675 6.9-7.3 wr -0.25 0.12  
 R732 1.1-1.6 -0.26 0.07  
 R741 7.9-8.4 -0.26 0.04  
 R750 12.9-13.45 -0.25 0.05  
 R756 13.25-13.8 -0.27 0.09  
 R762 4.6-8.5 -0.29 0.08  
R684-9.0-9.2 -0.22 0.06 
R685-5.5-6.1 -0.25 0.06 
R686-3.9-4.1 -0.28 0.06 
R686-4.5-4.7 -0.28 0.06 
R686-4.9-5.1 -0.26 0.06 
R686-7.7-7.9 -0.19 0.06 
R686-9.5-9.7 -0.23 0.06 
R687-8.5-8.8 -0.29 0.06 
R688-0.0-0.4 -0.19 0.06 
R689-1.2-1.4 -0.21 0.06 
R689-4.6-4.8 -0.23 0.06 
R696-1.0-1.6 -0.31 0.06 
R696-2.1-2.3 -0.27 0.06 
R696-6.5-6.7 -0.25 0.06 
R696-9.4-9.6 -0.23 0.06 
R698-1.4-1.6 -0.29 0.06 
R698-2.6-2.7 -0.23 0.06 
R698-8.3-8.5 -0.28 0.06 
R698-9.1-9.3 -0.25 0.07 
R699-3.7-4.0 -0.26 0.06 
R699-5.4-5.6 -0.21 0.07 
R699-8.4-8.6 -0.22 0.06 
R700-2.9-3.1 -0.22 0.06 





Table 4.3 – D26Mg for mineral phases in this study. All values calculated relative to olivine (-
0.25‰). 
T (°C) MgFe2O4 MgTiO3 MgAl2O4 
  0 GPa 0 GPa 0 GPa 
902 22.4036 -0.1446 -0.7012 
907 21.6768 -0.1434 -0.6954 
912 20.9824 -0.1422 -0.6897 
917 20.3188 -0.1411 -0.684 
922 19.6842 -0.1399 -0.6784 
927 19.0768 -0.1388 -0.6728 
932 18.4953 -0.1377 -0.6673 
937 17.9383 -0.1366 -0.662 
942 17.4042 -0.1355 -0.6565 
947 16.8921 -0.1344 -0.6513 
952 16.4006 -0.1334 -0.6461 
957 15.9289 -0.1323 -0.6409 
962 15.4757 -0.1313 -0.6358 
967 15.0403 -0.1303 -0.6308 
972 14.6216 -0.1292 -0.6259 
977 14.219 -0.1282 -0.6209 
982 13.8316 -0.1273 -0.616 
987 13.4586 -0.1263 -0.6112 
992 13.0994 -0.1253 -0.6065 
997 12.7533 -0.1244 -0.6018 
1002 12.4197 -0.1234 -0.5972 
1007 12.0981 -0.1225 -0.5925 
1012 11.7878 -0.1215 -0.5881 
1017 11.4884 -0.1206 -0.5836 
1022 11.1994 -0.1198 -0.5791 
1027 10.9202 -0.1189 -0.5748 
1032 10.6506 -0.118 -0.5704 
1037 10.39 -0.1171 -0.5661 
1042 10.1381 -0.1163 -0.5619 
1047 9.8945 -0.1154 -0.5578 
1052 9.6589 -0.1146 -0.5536 
1057 9.4309 -0.1138 -0.5494 
1062 9.2102 -0.1129 -0.5455 
1067 8.9965 -0.1121 -0.5415 
1072 8.7895 -0.1113 -0.5375 
1077 8.5891 -0.1105 -0.5336 
1082 8.3947 -0.1097 -0.5297 
1087 8.2064 -0.109 -0.5258 
1092 8.0237 -0.1082 -0.522 
1097 7.8465 -0.1074 -0.5183 
1102 7.6747 -0.1066 -0.5146 
1107 7.5079 -0.1058 -0.511 
1112 7.346 -0.1052 -0.5072 
1117 7.1888 -0.1044 -0.5037 
1122 7.0361 -0.1037 -0.5001 
1127 6.8879 -0.103 -0.4966 
1132 6.7438 -0.1023 -0.4931 





Figure 4.1 – The evolution of Hawaiian volcanoes. A) Relative growth stages of Hawaiian 
volcanoes relative to the volume of material that erupts during that stage. On the island of 
Hawaii, Mauna Kea and Mauna Loa are in their post-shield stages, while Kilauea is still in the 
shield building stage. Offshore of Hawaii to the southeast is underwater seamount Loihi, the only 





Figure 4.2 – Geochemical evolution of Mauna Kea volcano showing the transition from shield 
stage tholeiites from HSDP, as well as post-shield stage alkalic basalts from the post-shield stages 




Figure 4.3 – Sc/V plotted against 1/MgO, which is used here to highlight the variation that occurs 
at low MgO (wt %) values. Shield stage basalts have a stable Sc/V ratio, while Hamakua Volcanics 
have decreasing values as MgO values decreases (corresponding to an increase in 1/MgO). 





Figure 4.4 - Measured isotopic data for post-shield Mauna Kea basalts, with the grey bar 
representing typical mantle range. Bar in top right represents the average 2SD for 






Figure 4.5 – New ab initio calculations for inter-mineral fractionation between olivine and 
associated mafic phases present in alkalic basalts. Capital delta ∆26Mg is the calculated inter-
mineral fractionation factor between two phases (d26Mg MgPhase A-d26MgPhase B). It is assumed 
that olivine crystallization does not affect the isotopic composition of the melt (Teng et al., 2007). 






Figure 4.6 – Magnesium isotopes plotted versus indices of alteration. No correlation between Mg 
isotopes and A) Chemical Index of Alteration and B) K2O/P2O5, both indicators for varying degrees 
of chemical weathering. While Mg isotopes do fractionate with enhanced degrees of chemical 
weathering (Liu et al., 2014). This is thought to be caused by the sorption of the preferential 
sorption of heavy Mg onto alteration minerals, with extremely heavy d26Mg values at high levels 






Figure 4.7 – Mg isotopes plotted against radiogenic isotope ratios A) 87Sr/86Sr, B) 143Nd/144Nd and 
the trace element ratios C) Zr/Nb and D) Nb/La, all ways to trace different mantle sources that 
contribute to Hawaiian volcanism. A more depleted radiogenic component has been observed in 
post-shield (Chen and Frey, 1983; West et al., 1988; Chen et al., 1991; Xu et al., 2005; Xu et al., 
2007) and post-erosional lavas (e.g., Lassiter et al., 2000; Harrison et al., 2019) does not correlate 
with magnesium isotopes. Magnesium isotopes do not correlate with any of these tracers, ruling 




Figure 4.8 – d26Mg vs. La/Yb ratios for Mauna Kea’s shield and post-shield lavas. La/Yb is an 
indicator of degree of partial melting, with lower values indicating higher degrees, and higher 
values indicating lower degrees. There is no good correlation between magnesium isotopes and 





Figure 4.9 – Fractional crystallization model using MELTS for Excel. See methods and discussions 






Figure 4.10 – Batch crystallization model using MELTS for Excel. See methods and discussions for 







Figure 4.11 - Wall rock assimilation model using MELTS for Excel. See methods and discussions 






Figure 4.12 - Refreshing magma chamber model using MELTS for Excel. See methods and 
discussions for model details. Crosses represent a drop of ten degrees, and the liquid line of 





 Figure 4.13 - Mixed fractional/batch model from MELTS for Excel – this model adds some crystals 
back to the liquid compositions to match observed major element trends. The liquid composition 
is not buffered back to its original composition – it is only changed by any added crystals back to 
the liquid composition. Crosses represent a drop of ten degrees, and the liquid line of decent 





Figure 4.14 - Calculated isotopic compositions of mineral phases present in post-shield lavas, 





Figure 4.15 - Isotopic model, based on the successful MELTS model results, but the liquid isotopic 
composition is buffered back to -0.25‰ for each step. Error bars are 2SD of measurements. 






Figure 4.16 – Calculated liquidus densities of Kilauea post-shield basalts using MELTS for Excel 
(Gualda and Ghiroso, 2015) and equation 10 from Zhong et al., 2018. Hamakua Volcanics have a 
generally uniform liquid density, while the younger Lauphahoehoe samples have lighter densities 
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A1. Data Compilation 
 A compilation of all geochemical data for Hawaiian shield-stage (Chen and Frey, 1985; 
Frey et al., 2005; Mukhopadhyay et al., 2003; Chen and Frey, 1983; Garcia et al., 2010; Garcia et 
al., 2012; Garica et al., 2015; Abouchami et al., 2005; Vervoort et al., 2011; Abouchami et al., 
2000; Xu et al., 2005; Blichert-Toft et al., 1999; Blichert-Toft and Albarède, 1999; Eisele et al., 
2003; Blichert-Toft et al., 2003; Bryce et al., 2005; Chen et al., 1990; Chen et al., 1991; Chen et 
al., 1995; Easton et al., 1980; Gaffney et al., 2005; Garcia et al., 1996; Garcia et al., 2000; Hofnann 
et al., 1984; Wright et al., 1975; Hofmann, et al.,1987; Norman and Garcia, 1999; Pietruszka and 
Garcia, 1999; Rhodes, 1996; Rhodes and Vollinger, 2004; Sims et al., 1999; Stille et al., 1986; 
Tanaka et al., 2008; West et al., 1987; Xu et al., 2007; Basu and Faggart, 1995; Leeman et al., 
1994; Huang et al., 2005; Huang et al., 2009; Valbracht et al., 1995; Clague, 1987; Bennet et al., 
1996; Stracke et al.,2000; Cousens et al., 2003; Lassiter and Hauri, 1998; Garcia et al., 
1995;Rhodes and Hart, 1995; Kurz et al., 1995; Cohen et al., 1996; Garica et al., 1998; Garcia et 
al., 1993; Frey et al., 1994; Roden et al., 1994; Stille et al., 1983; Haskins et al., 2004; Salters et 
al., 2006) and rejuvenated stage lavas (Lassiter et al., 2000; Yang et al., 2003; Bizimis et al., 2013; 
Dixon et al., 2008; Phillips et al., 2016; Fekiacova et al., 2007; Jackson et al., 1999; Reiners and 
Nelson, 1998; Cousens and Clague, 2014; Clague and Dalrymple, 1988) were collected from 
GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/). A compilation of Pacific MORB 
radiogenic isotope data were collected from the Geochemical Earth Reference Model (GERM) 
database (https://earthref.org/GERM/) on January 24, 2018 (Castillo et al., 1998; Castillo et al., 
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2000; Chauvel et al., 2001; Niu et al., 1999; Sims et al., 2003; Wendt et al., 1999; Goss et al., 2010; 
Waters et al., 2013; Hahm et al., 2009; Hamelin et al., 2010; Hamelin et al., 2011; Hanan and 
Schilling, 1989; Fontignie and Schilling, 1991; Kingsley et al., 2007; Kempton et al., 2002; Klein et 
al., 1988; Salters, 1996; Mahoney et al., 1993; Hanan et al., 2004; Niu et al., 1996; Nowell et al., 
1998; Lawson et al., 1996). The search parameters set using the GERM database were: tectonic 
setting to spreading centers between 31.11 N, -68.11 S, -211.82 W and -7752 E. Sample types 
included were glass or whole rock analyses of volcanic origin, classified as a basalt with major 
oxides, rare earth elements, trace elements or isotopic ratio data. Trace element data for 
rejuvenated-stage lavas used in the model were collected from GEOROC. North Arch Volcanic 
Field data are from Yang et al., 2003 and Clague et al., 1990 and for Honolulu Volcanics are from 
Fekiacova et al., 2007 and Clague and Frey 1982, and for Kiekie basalts from Dixon et al., 2008. 
 
A2. Sample Preparation 
Millipore ultrapure water (resistivity=18 MΩ), double distilled acids using a sub-boiling 
PFA distiller, and Baseline/Optima grade acids were used for sample preparation. 
 
A2.1. Trace Element Analytical Procedure  
Trace element data for high-CaO basalts are reported in Supplementary Table 2. ~50 mg 
of rock powder was dissolved in acid cleaned Savillexä beakers using 3 ml of a 1:1 mix of HF:HNO3 
and placed on a hot plate for 2 weeks at 100°C. Samples were then dried down and rehydrated 
with 1 ml of 50% HNO3 (by mass) and dried back down three separate times. 6 ml of 50% HNO3 
was added to each sample and no undissolved residue was observed. An aliquot (2 ml) of each 
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sample solution was pipetted into acid cleaned 125-ml plastic bottles, in which the sample was 
diluted with 2% HNO3 to a dilution factor of ~5000. The samples were analyzed for major and 
trace elements using a Thermo Scientific iCAP-Q inductively coupled plasma mass spectrometer 
(ICP-MS) in kinetic energy discrimination (KED) mode to reduce polyatomic interferences. A 
typical analytical procedure of: drift monitor-standard-unknown-unknown-unknown-unknown-
drift monitor was used to monitor sensitivity drift during analysis (Huang and Frey, 2003). Three 
USGS rock standards were used: BHVO-1, BCR-1 and AGV-1 to produce linear calibration curves 
and BHVO-2 was measured as an unknown sample for quality control. For the elements that were 
measured by both UNLV ICP-MS and UMass X-ray fluorescence (XRF), data were compared, and 
our data agrees with published data from the UMass XRF lab (Rhodes et al., 2012, figure A1).  
 
A2.2. Radiogenic Isotope Analytical Procedure 
Sr, Nd, Hf and Pb were purified using ion exchange chromatography techniques. Sample 
dissolution and purification was performed in the PicoTrace clean lab at Brown University, 
Providence, RI. About 500 mg of whole-rock powders were acid leached following the technique 
of Huang et al., 2005 using 6 N double distilled HCl in an ultra-sonic bath for 30 minutes. The acid 
was changed until the leachate was clear or pale yellow. Then, samples were rinsed twice by 
adding Millipore water and sonicating for 30 minutes. Samples were then dried. About 100 mg 
of acid leached sample was dissolved in a 3:1 HF:HNO3 mixture following the procedure described 
above. Interested elements were extracted from the same sample aliquot in the following order: 
Pb-Hf-Sr/Nd (figure A3). Pb was extracted first using AG1-X8 resin (100-200 mesh, BIO-RAD). The 
matrix remaining from the Pb column was used to purify the remaining elements. First, Hf was 
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removed from the matrix using Ln resin (Eichrom). Rb-Sr-REEs cut from the Hf column went 
through TRU-spec resin (Eichrom) to separate Rb-Sr from the REEs. The Rb-Sr cut from the TRU-
spec resin then went through Sr-spec resin to separate Sr from Rb. The remaining matrix from 
the TRU-spec column containing REEs passed through Ln-spec resin to purify Nd. A schematic 
diagram (figure A3) illustrates the order in which the columns were processed. 
 Sr, Nd, Hf and Pb isotope measurements were done at the Mass Spectrometer Analytical 
Facility at Brown University (Providence, RI) using a Thermo Scientific NEPTUNE PLUS multi-
collector ICP-MS (MC-ICP-MS). Sr, Nd and Hf were introduced to the plasma using a PFA nebulizer 
with a rate of ~70µl/minute coupled with a glass spray chamber. Pb was introduced to the plasma 
using an APEX-IR introduction system to enhance sensitivity. The instrument was equipped with 
an H-skimmer cone and H-sampler cone. Baseline measurement was taken off-peaks at -0.5 
amu. 87Sr/86Sr, 143Nd/144Nd and 176Hf/177Hf were corrected for instrumental mass 
fractionation using 88Sr/86Sr = 0.1194, 146Nd/144Nd = 0.7219, and 179Hf/177Hf = 
0.7325, respectively, with the exponential law. Pb solution was spiked with NBS SRM-997 Tl 
standard prior to analysis with a Pb/Tl = 4 to correct for the instrumental mass fractionation using 
the exponential law with a 203Tl/205Tl=0.418922. Sr, Nd and Hf were measured at 200 ppb 
concentration whereas Pb was measured at 75 ppb concentration level. 87Sr/86Sr, 143Nd/144Nd 
and 176Hf/177Hf of samples are reported relative to NBS SRM 987 87Sr/86Sr = 0.71024, JNd-i Nd 
standard 143Nd/144Nd = 0.512115 and JMC-475 Hf standard 176Hf/177Hf = 0.282160 
respectively. 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb are reported relative to the NBS 981 
standard 206Pb/204Pb = 16.9409, 207Pb/204Pb = 15.4985, and 208Pb/204Pb = 36.7222 (Klaver et al., 
2015). The external precision on the ratios over the course of two years is 30 ppm for Sr (2σ, n = 
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75) and Nd (2σ, n = 104), 40 ppm for Hf (2σ, n = 89) and 45-80 ppm (2σ, n = 75) Pb. The Sr and Pb 
blanks were < 50 pg, and Nd and Hf blanks were < 30 pg. To ensure accuracy, 3 high-CaO basalt 
samples and 2 other HSDP samples that were studied before (Abouchami et al., 2000; Blichert-
Toft et al., 1999; Blichert-Toft and Albarede, 1999; Eisele et al., 2003) were dissolved again and 
followed the same procedure as described above in a blind test where the origin of the samples 
being processed were unknown until after they were measured. These values are reported in 
table S3 and compared with the original measurements. Duplicated samples agree with original 
values within the 2-standard error of their measurements (Table A1). 
 
A3. 100 Myr Lithosphere Calculation 
To calculate the isotopic composition of a 100 Myr lithosphere after MORB generation, 
we first calculated the Nd-Hf isotopic compositions of DM at 100 Ma using present-day Nd-Hf 
isotopic compositions of MORB (references in data compilation section), and Sm/Nd and Lu/Hf 
of DM (Salters and Stracke, 2004). Then, the parent/daughter ratios (Sm/Nd and Lu/Hf) of the 
melting residue after MORB generation are calculated using partition coefficients given in Dixon 
et al., 2008 and assuming a degree of partial melting of 10%. It is assumed that the melting 
residue retains 4% melt due to porosity (outer border of field, figure 2.3c). A second field was 
calculated with 8% partial melting and 4% melt retained, but their values are close to the first 
calculation and almost overlap (inner border of field, figure 2.3c). The retained melt is consistent 
with previous interpretations of a recently metasomatized depleted source for the rejuvenated 
stage (Yang et al., 2003; Frey et al., 2005; Bizimis et al., 2013; Dixon et al., 2008).  Then, I used 
the calculated Sm/Nd and Lu/Hf in the melting residue and the calculated DM Nd-Hf isotopic 
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compositions at 100 Ma to calculate their present-day Nd-Hf isotopic compositions, which are 
plotted as fields in figure 2.3c.  
 
A4. Partial Melting Models 
 To test whether high-CaO trace element patterns can be produced by higher degrees of 
partial melting of a rejuvenated source, we calculated rejuvenated-stage source compositions 
and melt them to a higher degree. In detail, rejuvenated-stage lavas filtered for MgO > 6.5 wt. % 
from the North Arch Volcanic Field, Honolulu Volcanics on Oahu, and Kiekie basalts from Niihau 
were selected for this model because they have complete major and trace element data 
(references in data compilation section). Their major and trace elements were corrected to be in 
equilibrium with Fo90 by adding or subtracting equilibrium olivine to the samples.  
I back-calculate their source compositions by solving for non-modal batch melting (eq. 1):	
"!
""
= 1% + '(1 − *) 
where Co=initial source composition, Cl basalt composition normalized to Fo90, D bulk partition 
coefficient, and P is the bulk partition coefficient for the phases entering the melt (see table A2). 
The values for D and P are from Dixon et al., (2008); Huang and Humayun, (2016) and Lee et al., 
(2005). Eq. (1) was rearranged to solve for the initial source composition (eq. 2): 
"" = "![% + '(1 − *)] (1) 
The same method was applied using non-modal fractional melting, and backcalculated their 
source compositions by solving the equation (eq. 3): 
#!
#"











A ‘mismatch value’ was calculated by summing the absolute value of the log difference of 
each potential basalt composition to the average high-CaO basalt composition and taking the 
absolute value in order to assess the potential match. Lower ‘mismatch’ values indicate a better 
fit to the average primitive mantle normalized value of the high-CaO basalts. The best-fits from 
both batch and fractional melting are produced using the same starting compositions and the 
same F values for source calculations and the melts of the calculated source (see details about 
best fits below). Here, we model the aggregated liquids of fractional melting, which produces 
results similar to batch melting. However, the calculated source compositions using batch 
melting and fractional melting for a single sample are slightly different (figure 2.5).  
Best fit sources for Honolulu Volcanics, North Arch, and Kiekie basalts were chosen (figure 
2.5c). Specifically, Honolulu Volcanics sample 69KAL-2 was used to calculate the rejuvenated 
mantle source with a partial melting degree of 3.5%. Then this calculated mantle source was 
melted by 6.0% to reproduce a trace element pattern that is similar to that observed in HSDP 
high-CaO lavas. Similarly, HSDP high-CaO trace element pattern can also be reproduced by 6.0% 
partial melting of a mantle source calculated using North Arch sample 9-1 with a partial melting 
degree of 3.0%, and 6.5% partial melting of a mantle source calculated using Kiekie basalts 
samples T318-R19 with a partial melting degree of 3.5%. Comparison of the calculated sources 
are shown in figure 2.5d. Fractional melting produces a similar result because the aggregated 
liquid produced from fractional melting closely resembles equilibrium batch melting with 
different degree of partial melting. Major element compositions of high-CaO basalts agree with 
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this interpretation; they are tholeiitic and have lower concentrations of Na2O and K2O than 
rejuvenated-stage lavas (figure A4).  
High-CaO basalts have Ba/Th and La/Yb values that are intermediate amongst all 
rejuvenated-stage lavas and within the shield-stage field. Ba is mobile during alteration. High-
CaO basalts have loss on ignition up to 10% (Rhodes et al., 2012), making it difficult to ascertain 
whether they are the result of incipient silicate metasomatism or carbonatite metasomatism, as 
shown in figure 12 of Dixon et al., 2008 (figure S4). Melting of a pure DM source (Salters and 
Stracke, 2004) was also considered and is a poor fit (figure A). DM melts at higher degrees of 








208Pb/204Pb 2SE 87Sr/86Sr 2SE 143Nd/144Nd 2SE 176Hf/177Hf 2SE 
SR684-9.0-9.2 18.027 0.000799 15.421 0.000658 37.598 0.001717 0.703041 9.06E-06 0.513117 1.9E-05 0.283260 7.38E-06 
SR684-9.0-9.2 duplicate 18.027 0.000476 15.422 0.000477 37.603 0.001269 0.703049 7.41E-06 0.513111 4.31E-06 0.283263 4.19E-06 
SR696-9.4-9.6 18.155 0.001036 15.444 0.000845 37.770 0.002226 0.703177 9.06E-06 0.513069 9.5E-06 0.283205 2.12E-06 
SR696-9.4-9.6 duplicate 18.165 0.000601 15.472 0.000527 37.765 0.001666 0.703185 7.51E-06 0.513061 1.06E-05 0.283215 4.18E-06 
SR698-9.1-9.3 18.259 0.000826 15.445 0.000733 37.862 0.001952 0.703214 9.06E-06 0.513056 1.16E-05 0.283201 2.32E-06 
SR698-9.1-9.3 duplicate 18.261 0.000441 15.451 0.000373 37.870 0.001077 0.703248 7.5E-06 0.513035 4.88E-06 0.283199 4.17E-06 
SR0756-13.25 18.440 0.000826 15.470 0.0008 38.169 0.001952 0.703636 9.06E-06 0.512946 1.9E-05 0.283096 4.5E-06 
SR0756-13.25 duplicate 18.436 0.000483 15.472 0.000422 38.173 0.001164 0.703642 8.76E-06 0.512952 6.23E-06 0.283099 4.5E-06 
SR0860-8.10  18.489 0.000826 15.473 0.0008 38.121 0.001952 0.703561 9.06E-06 0.512971 1.9E-05 0.283118 5.01E-06 
SR0860-8.10 duplicate 18.485 0.000454 15.467 0.000399 38.106 0.001046 0.703550 7.6E-06 0.512988 5.67E-06 0.283119 5.01E-06 
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Table A2 – Partition coefficients, mineral modes, melt reactions, and DM starting concentration 
for partial melting models.
  Olivine Orthopyroxene Clinopyroxene Garnet   
Mineral mode 0.53 0.04 0.33 0.1   
Melt reaction 0.05 -0.49 1.31 0.13   





    
     
Rb 0.0003 0.0002 0.0004 0.0002 0.088 
Ba 0.000005 0.000006 0.0004 0.00007 1.2 
Th 0.000005 0.002 0.0057 0.009 0.0137 
U 0.00005 0.002 0.0057 0.009 0.0047 
Nb 0.0005 0.004 0.01 0.015 0.21 
La 0.0005 0.004 0.015 0.007 0.234 
Ce 0.0005 0.004 0.038 0.017 0.772 
Pb 0.003 0.009 0.009 0.005 0.0232 
Sr 0.00004 0.0007 0.091 0.0007 9.8 
Nd 0.00042 0.012 0.088 0.064 0.713 
Sm 0.0011 0.02 0.151 0.23 0.27 
Zr 0.0033 0.038 0.13 0.369 7.94 
Hf 0.0011 0.046 0.292 0.396 0.199 
Eu 0.00255 0.025 0.1555 0.715 0.107 
Gd 0.004 0.03 0.16 1.2 0.395 
Tb 0.006 0.0325 0.165 1.6 0.075 
Dy 0.008 0.035 0.17 2 0.531 
Y 0.00925 0.0375 0.1725 2.25 4.07 
Ho 0.0105 0.04 0.175 2.5 0.122 
Er 0.013 0.045 0.18 3 0.371 
Yb 0.03 0.08 0.25 4 0.401 
Lu 0.02 0.12 0.2759 5 0.063 
Sc 0.15 0.495 0.64 5.98 16.5 





Figure A1 – Comparison of major and trace element data collected via ICP-MS at UNLV with XRF 
data from the University of Massachusetts, Amherst. Black lines are 1:1.
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Figure A2 – Melts of depleted mantle (DM) relative to the range of high-CaO basalts. 6% was the 
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B1. Data Quality 
Many Kilauea shield lavas have been analyzed for Zr, Nb and Sr by x-ray fluorescence at 
the University of Massachusetts in the analytical facility supervised Professor J M Rhodes. This 
facility was used by Chen et al. (1996), Marske et al. (2008), and Pietruszka et al. (2013); 
consequently, there is no inter-laboratory bias between these data sets. Inductively coupled 
mass spectrometry (ICP-MS) also provides high quality data for Zr, Nb and Sr, as well as for La, 
Nd, Yb and Th. Four different ICP-MS facilities (MIT, Australian National University, Washington 
State University, and the University of British Columbia) have been used to analyze Hawaiian 
shield lavas. Although interlaboratory abundance of most elements are within 5%, there are a 
few significant (~10%) differences between data for Y, Zr and Hf obtained at Australian National 
University and Washington State University (see supplementary material in Pietruska et al., 
2013). Th abundance has varied with time in basalt standards analyzed at Washington State 
University (Frey et al., 2015).   
 In addition, problems were found with three samples in the Kilauea data set of Greene et 
al. (2013). These are obvious in plots of Zr vs Nb (Fig. B1). Typically, such plots for ocean island 
volcanoes are linear (Kamber and Collerson, 2000). This is very clearly shown in most Kilauea 
shield lavas. However, data for three Kilauea lavas reported by Greene et al. (2013) are clearly 






Table B1 - Values chosen for normalizing trace element data used in chapter 3.
Analysis method XRF ICP-MS ICP-MS ICP-MS 
Standard BHVO-1 BHVO-1 JB1 BCR-1 
  
Rhodes and Vollinger, 
2004 Huang and Frey, 2003 Kimura et al., 1995 Huang and Frey, 2003 
  Huang and Frey, 2003       
Ni 100.9  144  
Sc 31.42 31.42 28.7 31.6 
V 283.8  207  
Cr 266.4  319  
Mn     
Zn 107    
Ga 21  18.5  
Rb 9  39.9 48 
Sr 394.6  448 326 
Y 24.7  21.4 39 
Zr 176.7  138 190 
Nb 18.4  36.7 12.5 




Analysis method XRF ICP-MS ICP-MS ICP-MS 
Standard BHVO-1 BHVO-1 JB1 BCR-1 
  
Rhodes and Vollinger, 
2004 Huang and Frey, 2003 Kimura et al., 1995 Huang and Frey, 2003 
  Huang and Frey, 2003       
La 15.5 15.5 38.7 24.9 
Ce 39 39 69.9 53.7 
Pr 5.7 5.7 7.1 6.88 
Nd 25.2 25.2 26.5 28.8 
Sm 6.2 6.2 5.08 6.6 
Eu 2.06 2.06 1.48 1.95 
Gd 6.03 6.03 5.16 6.69 
Tb 0.96 0.96 0.75 1.068 
Dy 5.2 5.2 4.2 6.35 
Ho 0.99 0.99 0.82 1.315 
Er 2.4 2.4 2.29 3.7 
Tm 0.33 0.33 0.34 0.56 
Yb 2.02 2.02 2.24 3.35 
Lu 0.278 0.278 0.33 0.505 
Hf 4.38 4.38 3.21 4.97 
Ta 1.23 1.23 2.6 0.81 
Pb 2.1 2.1 7.61 13.5 
Th 1.16 1.16 8.67 6.19 




Analysis method INAA ICP-MS ED XRF 
Standard BCR-1 BHVO-2 BHVO-2 
  Baedecker and McKown, 1987 Huang and Frey, 2003 Siems, 2000 
        
Ni  122 122 
Sc 31.6 31.83 31.83 
V  308  
Cr  314 314 
Mn    
Zn  106 106 
Ga  21 21 
Rb  9.48 9.9 
Sr  399 394 
Y  28.3 27 
Zr  178 172 
Nb  19 19 
Ba 690 135 128 
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Table B1 continued. 
    
Analysis method INAA ICP-MS ED XRF 
Standard BCR-1 BHVO-2 BHVO-2 
  Baedecker and McKown, 1987 Huang and Frey, 2003 Siems, 2000 
        
La 26 15.2 13 
Ce 50 38.4 34 
Pr  5.57  
Nd 31 24.9 23 
Sm 6.6 6.16  
Eu 1.79 2.03  
Gd 6.6 6.13  
Tb 1.06 0.963  
Dy  5.3  
Ho  1.01  
Er  2.5  
Tm  0.35  
Yb 3.4 2.05  
Lu 0.51 0.286  
Hf 4.7 4.42  
Ta 0.9 1.22  
Pb  1.53  
Th 6 1.3  



















  143Nd/144Nd 87Sr/86Sr 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 176Hf/177Hf 
Standard  La Jolla NBS987 NIST SRM 981 NIST SRM 981 NIST SRM 981 JMC-475 








Figure B1 – Data from Greene et al., 2013, showing three anomalous samples that fall beyond 
the trend of all other Kilauea samples. Greene et al., (2013) mostly re-analyzed previously 
published data, so this work draws from the originally published data sets instead of the re-
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C1. Magnesium fractionation factors 
 Data computed using the ab initio method for olivine, ilmenite, spinel, and magnetite is 




C2. MELTs for Excel model results 
 Results of all the models using MELTS for Excel are too large to include as inserted tables. 
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Fall Meeting, American Geophysical Union, Washington, D.C., 10-14 Dec. 
§ DeFelice, C., Hu, Y., Wang, S-J., Huang, S., Teng, F-Z., (2018) Mg isotopic compositions of 
Hawaiian lavas, Goldschmidt abstracts 2018 538. 
§ DeFelice, C., Mallick, S., Saal, A., Huang., S., (2017) Trace element evidence for a 
depleted component intrinsic to the Hawaiian plume: Fall Meeting, American 
Geophysical Union, San Francisco, CA, 11-15 Dec. 
§ DeFelice, C., Mallick, S., Saal, A., Huang S. (2016) A depleted component in shield lavas 
from Mauna Kea, Hawai’i: Fall Meeting, American Geophysical Union, San Francisco, CA, 
12-16 December. 
§ DeFelice, C. and Koteas, G.C. (2015) The Richardson Memorial Contact and the Dog 
River Fault Zone: evidence for a ductile fault zone in Woodbury, VT: Geological Society 
of America Abstracts with Programs, vol. 47, no. 3, pg. 101. 
§ DeFelice C. and Koteas, G.C. (2014) Plutonism across a Taconic-Acadian boundary: 
evidence for shallow emplacement mechanisms in central Vermont: Geological Society 
of America Abstracts with Programs, vol. 46, no. 6, pg. 563. 
Professional Skills 
Isotope and trace element analysis of Mauna Kea lavas, HI                                       
2015-Present 
§ Processing and analyzing whole rock samples for radiogenic and non-traditional stable 
isotope analysis and trace element analysis – single and multi-collector inductively 
coupled plasma mass spectrometry (ICP-MS) experience 
§ Clean laboratory work experience, ion exchange chromatography method for 
purification of select elements 




§ Lab manager: maintaining and ordering lab supplies, diluting stock solutions, overseeing 
and instructing other graduate students in wet chemical work, maintaining a Thermo 
Fisher iCAP Q ICP-MS 
§ Overseeing undergraduate senior research projects in geochemistry and igneous 
petrology 
Structural and geochemical analysis of the Richardson Memorial Contact, VT    2014-
2015 
§ Skills: preparation of thin sections, powdering samples for whole rock major and trace 
element geochemistry into fused beads, analysis on inductively coupled plasma optical 
emission spectrometer 
Highlighted Coursework  
Graduate studies, University of Nevada Las Vegas, NV   
2015-Present 
§ Radiogenic isotope geochemistry, stable isotope geochemistry, X-ray diffraction, 
igneous petrology, advanced mineralogy, geochronology, planetary science and 
cosmochemistry 
Norwich University       Northfield, VT                
2011-2015 
§ Igneous and metamorphic petrology, applied geochemistry, mineralogy, structural 
geology, environmental ethics 
Work Experience  
Graduate assistant, University of Nevada    Las Vegas, NV             
2015-2017, 2019 
§ Teaching assistant for the Geoscience Department- Intro to Geology, Mineralogy 
§ Coordinator for Geosymposium, 2017, 2019: In charge of organizing sponsorships and 
running inter-department conference for the Geoscience department 
Student Researcher, Norwich University    Northfield, VT    
2011-2015 
Peer tutor, Norwich University     Northfield, VT    2012-
2015 
 
Professional Organizations  
§ Geological Society of America, member                    
2013-present 
§ American Geophysical Union, member        
 2016-present 
§ Mineralogical Society of America, member      
 2016-present 





University of Nevada, Las Vegas 
§ Graduate College Presidents Research Fellowship ($25,000)       
  2020 
§ Harold T. Stearns Fellowship, Geological Society of America ($3500)   
  2019 
§ Jack and Fay Ross Fellowship ($38,000)       
  2018-2019 
§ Summer Doctoral Fellowship ($7000)       
  2018, 2020 
Norwich University 
§ Council of Undergraduate Research, Geoscience award for excellence in student 
research   2015 
§ Funded by Undergraduate Research Office and a Vermont Geological Society grant 
  2014 
 
